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Thesis Abstract 

Artificial photosynthesis is a promising approach to convert solar energy into storable 

chemical fuels. Over the past decades, numerous efforts have been devoted to realizing 

efficient artificial photosynthetic systems. Among them, Shi et al. demonstrated a 

modal strong coupling photoanode composed of plasmonic nanoparticles on a Fabry-

Pérot nanocavity built with a TiO2 semiconductor and an Au mirror. This configuration 

significantly extended the operational wavelength range into the visible and near-

infrared regions and remarkably enhanced the quantum efficiency of water splitting 

compared with conventional plasmonic photoanodes. 

In this study, I employed well-designed Au nanostructures instead of randomly 

distributed nanoparticles to construct controlled modal strong coupling systems. By 

precisely tuning their structural parameters, the detailed mechanisms governing modal 

strong coupling—particularly the role of quantum coherence—were systematically 

investigated. 

Chapter 2 describes the fabrication of modal strong coupling systems composed of Au 

nanodisks with various particle number densities. Their optical spectra confirmed the 

achievement of the strong coupling regime. Interestingly, unlike conventional 

plasmonic structures where absorption increases monotonically with the number of 

absorbers, both the absorption and near-field intensities of the modal strong coupling 

structures exhibited saturation behavior with increasing particle number density. 

Moreover, the splitting energy between the upper and lower branches deviated 

positively from the classical square-root dependence on particle number density at high 

values. These unconventional trends motivated further investigation into the role of 

quantum coherence, discussed in the following chapter. 

Chapter 3 explores the apparent quantum coherence in the hot-electron injection 

process from Au nanodisks into the TiO2 layer. The degree of coherence was found to 

increase with PND for both branches—a dependence absent in conventional plasmonic 

systems. Combined with photoemission electron microscopy observations, a 

mechanism of quantum coherence-assisted hot-electron injection was proposed. Under 
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modal strong coupling conditions, plasmonic nanostructures within a certain coherence 

area can share energy through the nanocavity. This behavior explains both the 

absorption saturation and the positive deviation of the splitting energy. Furthermore, 

when fast-damping sites that efficiently inject electrons exist within the coherence area, 

the shared energy converges toward these sites, enhancing the apparent quantum 

efficiency. Photoelectrochemical measurements further confirmed that this efficiency 

enhancement translates into improved single-proton oxidation reaction performance. 

Chapter 4 investigates the dephasing effect by incorporating Au-nanotriangles into Au-

nanodisks arrays. Because Au-NTs exhibit faster dephasing than Au-NDs, increasing 

the percentage of triangles led to a reduction in splitting energy and broadening of both 

excitation branches. Interestingly, the apparent quantum efficiency showed a branch-

asymmetric dependence on the percentage of triangles, suggesting complementary 

functional roles between Au-nanodisks and Au-nanotriangles mediated by quantum 

coherence. 

Chapter 5 experimentally determined the dephasing times of the mixed structures, 

revealing a gradual decrease with increasing percentage of triangles for both branches. 

Notably, under upper-branch excitation, the dephasing time exhibited a drastic drop at 

high triangle ratios. Near-field simulations showed branch-dependent spatial 

distributions: under lower-branch excitation, the fields were delocalized across 

nanostructures, with hot spots concentrated at the sharp tips of Au-nanotriangles—

efficient sites for hot-electron generation. Under upper-branch excitation, however, the 

fields were strongly localized along the edges of Au-nanotriangles, where hot-electron 

generation is less efficient. These results led to the conclusion that the sharp tips of Au-

nanotriangles act as reaction centers, while the long-dephasing Au-nanodisks function 

as optical antennas. The interplay between coherence-mediated energy sharing and 

dephasing dynamics gives rise to the observed asymmetric apparent quantum efficiency 

dependence on the percentage of triangles. 

Chapter 6 summarizes the findings and discusses future perspectives. Overall, this work 

demonstrates that quantum coherence plays a central role in governing energy transfer 

and hot-carrier dynamics in modal strong coupling systems. A clear understanding of 
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coherence effects—especially the influence of dephasing and near-field distributions—

provides a foundation for controlling and optimizing hot-electron transfer. Based on 

these insights, next-generation modal strong coupling photoelectrodes can be rationally 

designed to achieve dramatically enhanced efficiencies in artificial photosynthesis, 

paving the way toward practical and scalable solar-to-chemical energy conversion. 
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Chapter 1 

Introduction 

1.1 Background 

1.1.1 Utilization of solar energy  

Achieving carbon neutrality by 2050 has been established as a critical global objective 

by multiple international organizations, including the United Nations and the 

International Energy Agency, in order to mitigate the greenhouse effect and prevent 

irreversible climate change. Despite rapid advances in renewable technologies over the 

past decades, fossil fuels—including coal, oil, and natural gas—still dominate the 

global energy portfolio. According to recent statistics, fossil fuels account for 

approximately 60% of electricity generation worldwide (Figure 1.1)1, a figure that has 

only gradually decreased from nearly 70-80% at the beginning of the 21st century. This 

persistent dependence illustrates the enormous challenge of transitioning to a low-

carbon society within the coming decades. 

Excluding nuclear power, which contributes around 10% of global electricity but is 

often limited by safety concerns, waste disposal issues, and high capital costs, 

renewable energy sources collectively supply only about 30% of the electricity demand. 

Figure 1.1 Distribution of power generation by energy source1. 
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Among them, hydropower represents the most mature technology, but its expansion 

potential is constrained by geographical and ecological limitations. Wind power has 

grown rapidly in many regions, yet it remains highly intermittent and location 

dependent. Solar energy, in contrast, is virtually inexhaustible and universally 

accessible, making it uniquely attractive for large-scale decarbonization. 

From a resource perspective, the amount of solar energy reaching the Earth’s surface 

far exceeds human consumption. It is estimated that the solar flux incident on Earth is 

approximately 1.7×1017 W, which is more than 10,000 times the current global energy 

demand. Even harnessing a tiny fraction of this resource with sufficient efficiency 

would be adequate to sustain human civilization. As a result, solar energy has been 

regarded as the most abundant renewable energy source, representing more than 99% 

of the total renewable energy available on Earth (Figure 1.2)2,3. However, its effective 

utilization remains a central technological challenge.  

Currently, most commercial solar energy conversion systems are based on 

semiconductor devices. Photovoltaic (PV) solar cells, photoelectrodes for solar fuel 

production, and photocatalysts for environmental remediation are all designed to 

directly convert solar photons into electricity or chemical fuels. Despite their success, 

these technologies primarily exploit the ultraviolet (UV) portion of sunlight due to the 

wide bandgap of many semiconductors. Semiconductors such as TiO2, one of the most 

studied materials since the pioneering work of Fujishima and Honda in 1972, absorb 

Figure 1.2 Proportion of solar energy in the global energy potential3. 
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strongly in the UV but poorly in the visible and infrared regions4. Building upon this 

foundation, subsequent studies demonstrated that TiO2 thin films fabricated via the sol-

gel method exhibit improved photoelectrochemical (PEC) properties under UV 

illumination, highlighting the potential of material engineering in enhancing 

photocatalytic activity5,6. However, this characteristic still severely limits their 

efficiency, because UV photons account for only ~5% of the solar spectrum. By contrast, 

visible light contributes nearly 48%, and infrared light accounts for about 47% (Figure 

1.3). Consequently, a vast majority of solar photons remain unexploited in traditional 

systems. 

The efficiency gap between the theoretical potential of solar energy and its practical 

utilization is further illustrated by the Shockley–Queisser limit7, which predicts a 

maximum efficiency of ~33% for a single-junction solar cell under standard 

illumination. While modern silicon-based PV cells have achieved record efficiencies of 

~26%, they are still fundamentally constrained by spectral mismatch: photons with 

energies below the semiconductor bandgap cannot be absorbed, while those with much 

higher energies generate excess heat rather than usable electricity. This mismatch 

underscores the importance of strategies that can extend absorption into the visible and 

infrared ranges or that can utilize high-energy photons more efficiently.  

Given its universality, abundance, and the rapid pace of technological development, 

solar energy remains one of the most promising candidates for achieving carbon 

Figure 1.3 Solar spectrum and the corresponding energy composition2. 
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neutrality. However, its intermittency and low storage compatibility mean that solar 

energy alone cannot guarantee reliable energy supply. Therefore, a central research 

focus has shifted toward not only improving solar-to-electric conversion but also 

coupling solar energy with chemical processes that allow for energy storage, such as 

artificial photosynthesis. By addressing both efficiency and storage challenges, solar 

energy may ultimately transition from a supplementary energy source to the cornerstone 

of a sustainable energy future. 

1.1.2 Artificial photosynthesis  

In the context of solar energy utilization, PV solar cells are currently the most widely 

recognized and commercially successful technology, largely due to their continuous 

improvement in efficiency, cost reduction, and large-scale deployment8. Nevertheless, 

solar cells primarily provide electrical power, and the direct conversion of sunlight into 

electricity poses inherent challenges for long-term energy storage. Electricity is a high-

grade energy form but is difficult to store efficiently and economically on the scale 

required to balance daily and seasonal fluctuations in solar irradiance. Technologies 

such as lithium-ion batteries9 or other electrochemical storage systems can serve as 

temporary solutions, yet their limited lifetime, high cost, and dependence on rare 

materials present significant obstacles to their universal adoption. As a consequence, 

even though solar energy is the most abundant renewable energy resource on Earth, the 

issue of its intermittent availability—particularly its complete absence during the 

night—remains a fundamental barrier to its widespread utilization in meeting global 

energy demands. 

Artificial photosynthesis has emerged as a promising alternative strategy to address this 

storage issue by mimicking the basic principles of natural photosynthesis. Instead of 

directly producing electricity, artificial photosynthesis converts solar energy into 

chemical energy that can be stably stored in the form of chemical compounds. For 

example, in artificial water splitting, incident photons are used to generate energetic 

charge carriers that drive the decomposition of water into hydrogen and oxygen (Figure 

1.4)10. The molecular hydrogen produced can subsequently be stored, transported, and 
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utilized either as a clean fuel through combustion or in fuel cells, or as an essential 

feedstock for the chemical industry. In this way, artificial photosynthesis offers a 

pathway not only for sustainable fuel production but also for decarbonizing energy-

intensive industrial processes that rely heavily on fossil resources.  

Historically, the concept of artificial photosynthesis can be traced back to the pioneering 

work4 of Fujishima and Honda in 1972. Inspired by the Hill reaction in natural 

photosynthesis11, they demonstrated that a semiconductor photoelectrode—specifically, 

a TiO2 single crystal—could drive PEC water splitting under ultraviolet light irradiation. 

This seminal work established the foundation for PEC research and provided the proof-

of-concept that solar energy could be directly converted into storable chemical fuels. 

Since then, the scope of artificial photosynthesis has expanded beyond water splitting 

to include a wide range of redox reactions, such as nitrogen fixation to produce 

ammonia12, carbon dioxide reduction to generate carbon-based fuels or value-added 

chemicals13, and the redox transformation of organic molecules for fine chemical 

synthesis14. Each of these reactions holds significant social relevance, with ammonia 

being indispensable for fertilizers, carbon dioxide reduction directly addressing climate 

change, and organic redox reactions enabling green chemistry applications. 

Despite these achievements, semiconductor-based artificial photosynthetic systems still 

encounter several intrinsic challenges that limit their overall efficiency and scalability. 

A primary limitation arises from the light absorption characteristics of semiconductors. 

Many conventional semiconductors, such as TiO2, have wide bandgaps that restrict 

Figure 1.4 Schematic illustration of artificial water splitting10. 
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their absorption primarily to the ultraviolet region, which accounts for less than 6% of 

the solar spectrum. As a result, the vast majority of visible and infrared (IR) photons, 

which constitute over 90% of solar energy, cannot be effectively harvested. On the other 

hand, narrowing the bandgap to extend light absorption into the visible region often 

results in reduced redox potential of photogenerated carriers, thereby compromising the 

driving force required for targeted chemical reactions. This trade-off between light 

absorption and carrier energy represents a fundamental material constraint. 

Another critical issue is the rapid recombination of photogenerated charge carriers. 

Upon photon absorption, electron-hole pairs are created, but in many semiconductors, 

these excited carriers recombine on ultrafast timescales before reaching the surface to 

participate in redox reactions. This loss pathway significantly decreases the quantum 

efficiency of the overall process. Additionally, surface defects and trap states exacerbate 

recombination by acting as nonradiative decay centers, further reducing carrier 

lifetimes. Even when carriers successfully reach the interface, the catalytic activity of 

the bare semiconductor surface is often insufficient to sustain efficient chemical 

transformations. This necessitates the introduction of co-catalysts, which play essential 

roles in lowering activation barriers, providing reaction-specific active sites, and 

stabilizing intermediates. Typical examples include platinum nanoparticles for 

hydrogen evolution and transition metal oxides or hydroxides for oxygen evolution. 

While these co-catalysts enhance reaction kinetics, they can also introduce additional 

pathways for charge recombination or alter interfacial energetics in unfavorable ways, 

resulting in complex trade-offs. 

Moreover, for overall water splitting, the energetic positions of the semiconductor band 

edges must appropriately straddle the redox potentials of both water oxidation (1.23 V 

vs. NHE) and hydrogen reduction (0 V vs. NHE). This stringent requirement 

dramatically narrows the pool of suitable semiconductor candidates. For instance, 

materials with adequate oxidative power may lack sufficient reductive potential, while 

others with favorable band alignments may suffer from instability under aqueous PEC 

conditions due to photocorrosion. These issues collectively highlight the multifaceted 

challenges in designing efficient and durable semiconductor photoelectrodes. 
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To overcome these limitations, researchers have investigated a variety of strategies to 

broaden light absorption and improve charge utilization. Dye sensitization is one such 

approach, in which organic or organometallic dye molecules are anchored onto the 

semiconductor surface15. These dyes, often inspired by natural photosynthetic pigments, 

extend the absorption range into the visible spectrum and inject excited electrons into 

the semiconductor conduction band (Figure 1.5)16. While this technique has enabled 

significant progress, issues of dye photostability and long-term device durability remain 

unresolved. In addition, various doping strategies have been explored to sensitize TiO2 

itself toward visible-light absorption17-20. By introducing nonmetal dopants (such as N, 

C, or S) or transition metal ions into the TiO2 lattice, localized energy states are created 

within the bandgap, allowing sub-bandgap excitation under visible illumination. 

Although such modifications effectively extend the absorption range, they often 

introduce recombination centers that compromise charge transport and overall device 

efficiency. Another avenue involves photon upconversion, where low-energy photons 

in the IR region are absorbed by specialized materials and subsequently re-emitted as 

higher-energy photons capable of exciting the semiconductor21. Similarly, two-photon 

excitation techniques exploit nonlinear optical processes to absorb two lower-energy 

photons simultaneously, thereby reaching an excitation energy equivalent to a higher-

Figure 1.5 Schematic illustration of the PEC reaction using a dye-sensitized semiconductor16. 
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energy photon22. Both strategies, while conceptually powerful, typically suffer from 

low conversion efficiencies under solar illumination intensities, limiting their practical 

applicability.  

In parallel, much effort has been devoted to engineering co-catalysts with improved 

performance. Traditional co-catalysts primarily function to reduce kinetic barriers and 

stabilize reaction intermediates (Figure 1.6)23, but their influence is generally restricted 

to surface reactions. In recent years, however, the emergence of plasmonic 

nanoparticles has revolutionized the role of co-catalysts in PEC systems. Noble metal 

nanoparticles, such as Au, Ag, and Cu, exhibit localized surface plasmon resonance 

(LSPR), a collective oscillation of conduction electrons that strongly couples with 

incident visible and near-infrared (NIR) light. Unlike conventional co-catalysts, 

plasmonic nanoparticles can contribute not only catalytically but also optically by 

enhancing light absorption in regions where semiconductors are intrinsically weak. This 

dual functionality is particularly attractive because it simultaneously addresses two of 

the most critical challenges in artificial photosynthesis: limited light harvesting and 

inefficient interfacial charge transfer.  

When integrated onto semiconductor photoelectrodes, plasmonic nanoparticles have 

been shown to extend the spectral response into the visible and IR domains while 

maintaining the intrinsic electronic properties of the underlying semiconductor. 

Figure 1.6 Schematic illustration of co-catalyst used in the water splitting reaction23. 
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Furthermore, their strong electromagnetic near-fields can locally enhance excitation 

rates, while hot carriers generated through plasmon decay can participate directly in 

redox chemistry or be injected across metal-semiconductor interfaces. Consequently, 

plasmonic nanoparticles represent a new paradigm in photoelectrode design, acting as 

multifunctional co-catalysts that both accelerate surface reactions and significantly 

broaden the light-harvesting window. This concept has enabled the development of 

tunable, visible-light-responsive photoelectrodes that mark a substantial departure from 

the limitations of traditional semiconductor systems and lay the groundwork for 

plasmon-assisted artificial photosynthesis. 

1.1.3 Localized surface plasmon resonance  

As mentioned, LSPR is a fundamental optical phenomenon that arises from the 

collective oscillation of conduction band electrons in metallic nanostructures when they 

are driven by incident electromagnetic radiation (Figure 1.7)24,25. In contrast to bulk 

plasmons, which represent longitudinal charge-density waves propagating through a 

continuous electron gas within extended metallic media, LSPR is spatially confined to 

the surface of metallic nanoparticles. This confinement leads to highly localized 

electromagnetic field enhancements at the nanoscale and produces unique light-matter 

interactions that are not accessible in bulk systems. Because of these distinctive features, 

LSPR has attracted significant attention in recent decades across multiple fields, 

including sensing26-28, surface-enhanced spectroscopy29-31, biomedical imaging32-34, 

photocatalysis35-38, and solar energy conversion39-43.  

Figure 1.7 Schematic illustration of localized surface plasmon resonance25. 
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The resonance frequency of LSPR is determined by the interplay between the restoring 

force acting on the displaced conduction electrons and the driving frequency of the 

incident light. Importantly, unlike intrinsic semiconductor band-to-band transitions, the 

plasmon resonance is not fixed but is highly tunable by modifying the physical and 

chemical characteristics of the nanostructures. Key parameters that dictate the LSPR 

response include the particle size, morphology (e.g., spheres, rods, cubes, bipyramids, 

shells), and composition (typically noble metals such as Au, Ag, and Cu) (Figure 

1.8)44,45. Furthermore, the dielectric constant of the surrounding environment strongly 

influences the resonance frequency, providing an external handle to modulate optical 

response simply by altering the nanoparticle embedding medium46. This high degree of 

tunability makes LSPR an exceptionally versatile tool for engineering light-matter 

interactions across the visible and NIR regions, thereby addressing one of the principal 

limitations of conventional semiconductors in solar energy conversion—their 

inherently weak absorption in these spectral windows. 

From an optical perspective, metallic nanoparticles can exhibit both strong absorption 

and scattering cross sections under LSPR excitation. Small nanoparticles (typically <20 

nm) are dominated by absorption processes due to enhanced confinement of oscillating 

electrons, whereas larger nanoparticles (>50 nm) display more pronounced scattering. 

The relative balance between absorption and scattering is crucial in designing 

plasmonic systems for different applications. For example, in photocatalysis and 

artificial photosynthesis, absorption-dominated nanoparticles are often more desirable 

because they efficiently convert incident photons into energetic carriers (so-called “hot 

Figure 1.8 Dependence of LSPR wavelength on nanoparticle size45. 
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electrons” and “hot holes”)47,48, which can participate directly in chemical reactions 

(Figure 1.9)49. On the other hand, scattering-dominated nanoparticles are useful in solar 

cell applications, where their ability to redirect and concentrate light enhances the 

effective optical path length in thin-film absorber layers. 

One of the most celebrated consequences of LSPR is the generation of extremely 

intense local electromagnetic fields near the nanoparticle surface, particularly at sharp 

features or tips due to the “lightning rod effect”50. These local field enhancements can 

exceed several orders of magnitude compared to the incident field, giving rise to 

phenomena such as surface-enhanced Raman scattering (SERS)51-53 and surface-

enhanced infrared absorption (SEIRA)54-56. In photocatalysis, such local field 

enhancements increase the excitation probability of nearby molecules or 

semiconductors, effectively amplifying light-matter interactions beyond what is 

achievable by intrinsic absorption processes alone. 

In addition to radiative decay channels such as scattering, LSPR can also relax through 

non-radiative decay processes. When the coherent plasmon oscillation dephases, the 

collective electron motion dissipates its energy into non-equilibrium electron-hole pairs, 

commonly referred to as “hot carriers.” These hot electrons (and the corresponding hot 

holes) are distinguished from thermalized carriers by their elevated energies relative to 

the Fermi level of the metal. Because they occupy non-equilibrium states, hot carriers 

Figure 1.9 Schematic illustration of the photoexcitation and relaxation processes49. 



12 
 

possess excess kinetic energy and short lifetimes, typically on the order of tens to 

hundreds of femtoseconds before thermalization with the Fermi sea. The generation and 

utilization of hot carriers provide a direct route to harness plasmon energy for driving 

PEC processes. 

For hot electrons to contribute to chemical reactions in a hybrid plasmonic-

semiconductor system, their energies must be sufficiently high to overcome the 

interfacial Schottky barrier and be injected into the semiconductor conduction band. 

Once injected, these carriers can migrate within the semiconductor and participate in 

reduction reactions either at the semiconductor-electrolyte interface or via external 

circuitry in a PEC cell. Meanwhile, the holes left behind in the metallic nanoparticle 

after hot electron extraction can serve as oxidation centers, enabling the bifurcation of 

redox processes across spatially separated sites. This synergistic mechanism not only 

extends the light absorption window of the semiconductor but also introduces new 

catalytic pathways mediated by plasmon decay dynamics. 

It is worth emphasizing that the efficiency of hot-carrier generation and transfer depend 

strongly on several factors, including the choice of metal, particle geometry, interface 

engineering, and the energy alignment of the metal-semiconductor junction. For 

example, Au and Ag are the most widely studied plasmonic metals due to their 

favorable dielectric functions and relatively low intrinsic damping, which lead to sharp 

and intense LSPR features in the visible range. Cu, while more abundant and less costly, 

suffers from rapid oxidation that compromises its stability under operational conditions. 

Recent studies have also explored aluminum for ultraviolet plasmonics57 and various 

alloy systems to tailor both stability and spectral response58. From the semiconductor 

side, band-edge alignment relative to the Fermi level of the plasmonic nanoparticle is a 

decisive factor in determining whether hot electrons can be efficiently injected and 

whether back-transfer processes can be suppressed. Careful interface engineering, such 

as inserting ultrathin oxide layers59 or constructing heterostructures60, has been 

demonstrated to significantly improve carrier injection yields. 
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Owing to these unique physical properties, LSPR has been extensively employed in 

applications that require strong and tunable light-matter interactions. In sensing, LSPR-

based platforms exploit shifts in resonance frequency in response to changes in the local 

dielectric environment, enabling highly sensitive detection of biomolecules, gases, or 

chemical species down to the single-molecule level61,62. In spectroscopy, LSPR-

induced field enhancement forms the basis of SERS, which revolutionized the detection 

of trace analytes (Figure 1.10)63,64. In the biomedical domain, plasmonic nanoparticles 

have been used for photothermal therapy, where localized heating induced by plasmon 

decay selectively destroys cancer cells65-67. In energy-related fields, plasmonic 

nanostructures have been incorporated into photovoltaic and photoelectrochemical 

systems to extend spectral response, enhance light absorption, and introduce new 

reaction pathways mediated by hot carriers68-71.  

In the context of artificial photosynthesis, the role of LSPR is particularly significant. 

Conventional semiconductors face severe limitations in harvesting visible and NIR 

photons, constituting the majority of the solar spectrum. By integrating plasmonic 

nanoparticles with semiconductor photoelectrodes, it becomes possible to not only 

enhance optical absorption in these critical spectral regions but also to leverage hot-

carrier dynamics to directly participate in redox chemistry. In a typical PEC setup, 

incident light excites the LSPR of metallic nanoparticles deposited on a semiconductor 

substrate. The dephasing of the plasmon generates hot electrons, which, if possessing 

Figure 1.10 Schematic illustration of the mechanism of SERS for detection of analytes64. 
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sufficient energy, can overcome the Schottky barrier and be injected into the 

semiconductor conduction band. These injected carriers can then drive reduction 

processes such as hydrogen evolution or carbon dioxide reduction. Concurrently, the 

holes remaining in the plasmonic nanoparticles can serve as oxidative centers, enabling 

reactions such as water oxidation. This dual-functionality—light harvesting and 

catalytic activity—places LSPR at the forefront of strategies for improving solar-to-

chemical energy conversion efficiency72. 

Overall, LSPR represents a powerful and versatile mechanism for overcoming the 

intrinsic limitations of semiconductor-based artificial photosynthesis. Through the 

careful design of plasmonic nanostructures and their integration with semiconductors, 

it becomes possible to extend solar energy utilization well beyond the UV domain, 

accelerate interfacial charge transfer, and introduce new catalytic pathways. These 

attributes collectively underscore the transformative potential of LSPR in developing 

next-generation photoelectrodes and PEC cells for sustainable fuel and chemical 

production. 

1.1.4 LSPR in Artificial Photosynthesis  

The integration of plasmonic nanoparticles with semiconductor photoelectrodes has 

opened a promising pathway for advancing the efficiency of artificial photosynthesis. 

Among the pioneering works, Misawa and coworkers has consistently demonstrated 

that plasmonic nanoparticles are not merely passive light scatterers but active mediators 

that reshape interfacial photophysics and catalysis (Figure 1.11)73. A representative 

Figure 1.11 Schematic illustration of the LSPR-assisted artificial water splitting73. 
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example is the incorporation of Au nanorods onto TiO2 photoanodes, which enabled 

visible-to-NIR-driven water oxidation with significantly reduced overpotentials74. In 

these systems, the LSPR acted as an optical antenna that concentrated incident light at 

the semiconductor interface while simultaneously generating hot carriers through non-

radiative decay. Remarkably, Misawa’s group showed that the hot holes generated in 

Au nanorods could participate in the challenging four-electron oxidation of water to O2, 

thereby achieving stoichiometric oxygen evolution with high efficiency under sub-

bandgap illumination. This work provided direct evidence that plasmonic 

nanostructures can extend semiconductor functionality far beyond its intrinsic bandgap 

limitations. 

Beyond water oxidation, Misawa and coworkers pushed the scope of plasmon-assisted 

photocatalysis into chemically demanding multi-electron processes. A striking 

demonstration was the achievement of visible-light-driven nitrogen fixation by 

constructing Au/TiO2 hybrid electrodes (Figure 1.12)75. Here, plasmon-derived hot 

carriers were funneled into the reduction of N2, a reaction that conventionally requires 

harsh conditions and is nearly inaccessible under direct semiconductor excitation. The 

realization of nitrogen fixation under mild illumination underscored the ability of 

Figure 1.12 LSPR assisted visible-light-driven nitrogen fixation75. 
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plasmon-semiconductor interfaces to unlock new chemical pathways that are 

energetically or kinetically unfavorable in traditional photocatalytic systems.  

A consistent theme across Misawa’s research is the importance of rational structural 

design in maximizing plasmonic functionality. His group systematically investigated 

how nanoparticle size, aspect ratio, interparticle spacing, and surface coverage dictate 

the resonance wavelength, field intensity, and hot-carrier generation efficiency39,76,77. 

By tuning these parameters, they demonstrated modular spectral engineering, in which 

the absorption properties of photoelectrodes could be tailored to match specific regions 

of the solar spectrum. In this context, plasmonic nanoparticles were redefined from 

being viewed as auxiliary enhancers to becoming integral design elements of PEC 

architectures. The outcome was a new conceptual framework in which plasmonic 

nanostructures function simultaneously as light harvesters, charge-separation mediators, 

and catalytic reaction centers. 

Nevertheless, despite these advances, two fundamental issues persisted. First, the 

ultrafast relaxation dynamics of hot carriers restricted the proportion of carriers that 

could be harvested before energy dissipation, inherently limiting quantum yields. 

Second, long-term stability of plasmonic structures under operational aqueous 

conditions remained a challenge for scalable implementation. Addressing these 

limitations, Misawa’s group began to explore nanophotonic strategies that go beyond 

single-particle plasmonics. In a seminal breakthrough, they demonstrated a Fabry-Pérot 

(FP) nanocavity-assisted plasmonic photoanode78. By coupling the LSPR mode of Au 

nanoparticles with the optical modes of an FP nanocavity, the system entered the regime 

of modal strong coupling. This hybridization not only enhanced light absorption but 

also fundamentally altered the carrier dynamics, leading to a substantial increase in 

light-to-electron conversion efficiency and improved quantum yields in water splitting. 

This work marked a paradigm shift, indicating that the frontier of plasmonic artificial 

photosynthesis lies in manipulating light-matter interactions at the quantum level. 

1.1.5 Modal strong coupling  

In general, when describing the interaction between two physical systems, one most 



17 
 

often encounters the weak coupling regime. In this limit, the properties of the coupled 

entity can be approximated as a superposition of the individual components, possibly 

with minor spectral perturbations arising from their mutual interaction. For instance, if 

molecule A weakly interacts with molecule B, the absorption spectrum of the combined 

system can be regarded as a linear sum of the spectra of A and B, perhaps with small 

shifts due to dipole-dipole interactions. Importantly, in weak coupling, the identity of 

the subsystems remains intact, and the energy exchange between them is unidirectional 

and irreversible, such as in the case of fluorescence quenching79 or Förster resonance 

energy transfer80. 

By contrast, strong coupling arises when two subsystems with comparable resonance 

energies interact so intensely that their eigenstates are no longer separable81-84. Instead, 

they hybridize to form new eigenmodes that are coherent superpositions of the original 

excitations. The most explicit spectroscopic signature of this regime is Rabi splitting or 

mode splitting, in which the absorption or extinction spectrum of the coupled system 

reveals two distinct peaks separated by an energy gap proportional to the coupling 

strength. A useful analogy is the formation of the hydrogen molecule (H2): when two 

atomic orbitals with nearly identical energies overlap, they reorganize into a bonding 

orbital at lower energy and an antibonding orbital at higher energy (Figure 1.13)85. 

Similarly, in strong light-matter coupling, one obtains hybrid states usually referred to 

Figure 1.13 Diagram of the molecular orbitals of the hydrogen molecule85. 
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as the lower branch and the upper branch. Crucially, in this regime, energy can be 

exchanged back and forth coherently and reversibly between the subsystems on 

timescales much faster than their intrinsic dissipation rates, so that the system must be 

regarded as a collective entity rather than independent components.  

The modern field of strong light-matter coupling was pioneered by Thomas Ebbesen 

and coworkers, whose seminal contributions established the conceptual and 

experimental foundations. In a series of studies, Ebbesen’s group embedded molecular 

excitonic materials inside high-quality optical cavities86,87 and demonstrated ensemble 

strong coupling between cavity photon modes and the electronic excitations of 

molecules (Figure 1.14)88,90. A key theoretical result from their work is that the 

coupling strength can be quantified by the Rabi splitting energy, expressed as: 

ℏ𝛺ோ = 2√𝑁𝑑ඨ
ℏ𝜔

2𝜀଴𝑉
 × ට𝑛௣௛ + 1  

where ℏ𝛺ோ denotes the Rabi splitting energy characterizing the light-matter coupling 

strength, 𝑁 is the number of the molecules in phase in the cavity, 𝑑 is the transition 

dipole moment, ℏ𝜔 is the cavity resonance (or transition) energy, 𝜀଴ is the vacuum 

permittivity, 𝑉 is the optical mode volume and 𝑛௣௛ is the number of photons present 

in the cavity89. 

This expression highlights that the collective coupling strength scales with the square 

root of the number of oscillators (√𝑁), reflecting the cooperative enhancement arising 

from coherent interactions between a molecular ensemble and the confined photon field. 

Figure 1.14 Schematic illustration of ensemble strong coupling90. 
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Such scaling provides a clear explanation for why macroscopic molecular systems can 

exhibit Rabi splitting on the order of several hundred meV, which are readily observable 

even under ambient, room-temperature conditions. 

Beyond the spectroscopic manifestations, Ebbesen and collaborators revealed that 

ensemble strong coupling can profoundly reshape photophysical and chemical 

landscapes. For example, they showed that molecular emission lifetimes, energy 

transfer pathways, and even photochemical reaction rates could be modified under 

strong coupling conditions90,91. In particular, the suppression of certain reaction 

channels was observed when molecular excitons were hybridized with cavity photons, 

indicating that the potential energy surfaces of the molecules themselves were altered 

by the light-matter hybridization. These findings, as further elaborated in Ebbesen’s 

comprehensive review, emphasized that strong coupling introduces a new regime of 

molecular behavior, bridging quantum optics and chemistry (Figure 1.15)92. These 

results challenged the traditional separation of photonics and chemistry by 

demonstrating that electromagnetic vacuum fields, when strongly coupled to matter, 

can directly influence chemical reactivity. Subsequent works from the Ebbesen group 

expanded this concept to vibrational strong coupling in the mid-IR, further proving that 

even ground-state reaction barriers could be tuned by cavity-mediated hybridization88. 

Together, these pioneering studies laid the groundwork for applying strong coupling 

not only as a tool of quantum optics but also as a novel paradigm in photochemistry 

and catalysis.  

Figure 1.15 Schematic illustration of modified molecular processes under strong coupling92. 
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Inspired by these advances, researchers began exploring whether similar principles 

could be extended beyond exciton-photon systems to other optical modes. In this 

context, Misawa and collaborators introduced the concept of modal strong coupling, 

namely, the coherent hybridization between distinct photonic or plasmonic resonances. 

A representative case is the coupling between LSPR of metal nanoparticles and the FP 

nanocavity modes. Unlike exciton-cavity systems, where hybridization occurs between 

matter excitations and confined photons, modal strong coupling involves two 

electromagnetic resonances of comparable energy that exchange energy coherently. 

Misawa’s group recognized that such hybridization could drastically reshape the 

absorption spectrum of plasmonic photoanodes and, more importantly, enhance hot-

carrier generation and transfer efficiency in photoelectrochemical reactions (Figure 

1.16)78,93.  

Although still in its infancy compared to molecular strong coupling, modal strong 

coupling has already demonstrated remarkable potential in artificial photosynthesis. 

Misawa’s investigations have addressed fundamental aspects such as the mechanisms 

in near-field94, the influence of interfacial dielectric environments95, the modification 

Figure 1.16 Enhancement of water-splitting quantum efficiency under modal strong coupling78. 



21 
 

of activation energy barriers96, and the effect of plasmonic material choice97. Moreover, 

experimental results revealed that the modal strong coupling photoanodes could not 

only boost photocurrent but also affect product selectivity98 and interact differently with 

sacrificial electron donors99, and even be extended to SERS platforms100.  

Still, these studies highlight only one facet of the potential of modal strong coupling. 

Nevertheless, the progress already achieved suggests that this strategy represents a 

promising avenue for overcoming current limitations in artificial photosynthesis, 

offering new degrees of freedom for manipulating energy transfer, charge separation, 

and chemical pathways. 

1.2 Research motivation and thesis overview 

1.2.1 Motivation 

In the Misawa laboratory, considerable effort has been directed toward creating 

artificial photosynthesis systems that function efficiently under visible and NIR 

illumination, with a particular focus on utilizing modal strong coupling photoanodes. 

Nevertheless, despite these encouraging achievements, the detailed microscopic 

mechanisms responsible for such enhancements remain insufficiently clarified. To date, 

most studies in our group have concentrated on tailoring material architectures and 

improving device performance, whereas systematic exploration of the fundamental 

origins of modal strong coupling effects has been relatively scarce. 

Motivated by this knowledge gap, I chose to focus my doctoral research on elucidating 

the mechanistic foundations of modal strong coupling photoanodes. The system 

developed in our group employs metal nanoparticles to induce LSPR modes, typically 

prepared through the thermal evaporation of ultrathin metal films followed by annealing. 

This fabrication route has the advantage of simplicity and minimal damage to 

underlying semiconductor layers, while also enabling a degree of tunability in particle 

size and morphology by adjusting film thickness and annealing temperature101. 

Nevertheless, the statistical nature of nanoparticle nucleation results in a broad size 

distribution and random spatial arrangement. This intrinsic lack of control introduces 

multiple variables simultaneously, making it challenging to isolate and examine the role 
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of individual structural parameters in governing strong coupling behavior. 

To overcome these limitations, my research adopts a bottom-up, mechanism-driven 

approach. Specifically, I utilize electron-beam lithography to fabricate well-defined 

arrays of metallic nanostructures with precisely controlled size, shape, and spatial 

arrangement. This approach allows systematic tuning of key parameters—such as 

resonance energy, coupling strength, and mode overlap—with high reproducibility and 

minimal ambiguity. By incrementally varying one parameter at a time, I aim to 

deconvolute the contributions of each structural factor to the emergence of modal strong 

coupling. Through this stepwise methodology, it becomes possible not only to validate 

theoretical models but also to build an intuitive physical picture of how hybridized 

polaritonic states contribute to enhanced charge separation and improved reaction 

quantum yields. 

Ultimately, by gaining a mechanistic understanding of modal strong coupling, this 

research aspires to provide a rational basis for designing next-generation photoanodes 

with maximized efficiency in solar-to-chemical conversion. Such insights will not only 

enrich the fundamental field of light-matter interactions but also lay the groundwork 

for advancing artificial photosynthesis closer to practical implementation. 

1.2.2 Overview of thesis 

This thesis is devoted to the systematic design, fabrication, and characterization of 

modal strong coupling systems aimed at advancing artificial photosynthesis. The 

central objective is to reveal the physical mechanisms by which modal strong coupling 

governs hot-carrier dynamics, near-field interactions, and ultimately the quantum yield 

of PEC reactions. To achieve this goal, multiple complementary approaches were 

employed, including spectral measurements for optical mode analysis, transient 

absorption spectroscopy for carrier dynamics, photoemission electron microscopy 

(PEEM) for nanoscale field mapping and dephasing evaluation, and PEC measurements 

for device-level evaluation. By integrating these techniques, the present study provides 

a comprehensive understanding of how quantum coherence interplay within the modal 

strong coupling photoanodes. 
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Chapter 2 presents the fabrication strategy and fundamental optical characterization of 

modal strong coupling systems consisting of periodic Au nanodisk arrays. Particular 

attention is paid to controlling the particle number density of the nanodisks, enabling 

systematic modulation of coupling strength. The experimental results are supported by 

spectral analysis, from which the Rabi splitting and related coupling parameters are 

extracted. This chapter establishes the foundational framework for quantifying modal 

strong coupling in well-defined nanodisks. 

Chapter 3 focuses on how the manipulation on particle number density of Au-

nanodisks influences hot electron injection and photoinduced charge separation. 

Through transient absorption spectroscopy, the hot-carrier generation and transfer 

processes are directly monitored, while PEEM is used to resolve near-field properties 

and dephasing dynamics at the nanoscale. In parallel, PEC measurements are carried 

out to link these microscopic processes with macroscopic photon-to-current conversion 

efficiency. Together, these investigations elucidate the role of quantum coherence in 

enhancing charge-transfer pathways under modal strong coupling conditions. 

Chapter 4 extends the study by introducing mixed nanostructure arrays, where 

nanotriangles are incorporated into the periodic nanodisks arrays. This structural 

perturbation provides a means of tuning dephasing properties. By systematically 

varying the proportion of nanotriangles, a branch-dependent asymmetry in hot electron 

injection efficiency is observed. This chapter highlights how structural heterogeneity 

can be deliberately engineered to manipulate the hot carrier dynamics. 

Chapter 5 deepens the mechanistic understanding by focusing on the near-field 

properties and dephasing behavior of the mixed nanostructures. By correlating the near-

field distribution, dephasing dynamics, and hot electron injection efficiency, this 

chapter elucidates how quantum coherence governs hot-carrier transfer processes. The 

results reveal that quantum coherence play a decisive role in modulating carrier 

dynamics, thereby contributing to the observed asymmetric, branch-dependent hot 

electron injection efficiency in the modal strong coupling systems. 

Finally, Chapter 6 provides the overall conclusion of the thesis. It synthesizes the 

findings from the preceding chapters to establish a coherent picture of how modal 
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strong coupling and quantum coherence can be harnessed in artificial photosynthesis. 

In addition, this chapter outlines future research perspectives, emphasizing both 

fundamental and applied directions. 

In summary, the present thesis offers not only a detailed mechanistic insight into modal 

strong coupling in plasmonic photoanodes, but also provides experimental evidence of 

the pivotal role of quantum coherence in driving efficiency improvements. By bridging 

nanoscale optical phenomena with macroscopic PEC functionality, this work lays the 

groundwork for rationally engineering next-generation artificial photosynthesis 

systems. 
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Chapter 2 

Fabrication and the optical characterization of the Au-nanodisk 

array/TiO2/Au mirror modal strong coupling system 

2.1 Introduction 

2.1.1 TiO2 semiconductor and its fabrication  

In the context of achieving efficient artificial photosynthesis, the selection of an 

appropriate semiconductor material for photoelectrodes is of paramount importance. A 

semiconductor with a sufficiently wide bandgap is required to provide both strong 

oxidative power and chemical stability under illumination. Among various candidates, 

Si, InP, and GaSe have been widely explored owing to their favorable band structures 

and excellent charge transport properties1-4. However, these materials suffer from 

severe photocorrosion when exposed to aqueous electrolytes, which limits their long-

term applicability in PEC systems5. In contrast, metal oxide semiconductors exhibit 

excellent chemical robustness and photostability, making them particularly attractive 

for durable PEC operation6. 

Titanium dioxide (TiO2) stands out among these oxides as one of the most versatile and 

widely studied photocatalytic materials. It combines high photoactivity, low cost, 

environmental benignity, and exceptional long-term stability under a wide range of 

operating conditions. TiO2 exists in three primary crystalline polymorphs—rutile, 

anatase, and brookite—each exhibiting distinct optical and electronic characteristics 

(Figure 2.1)7-12. Among them, rutile is the most thermodynamically stable phase, 

especially for large TiO2 particles. Its (110) and (100) crystallographic facets possess 

relatively low surface energy and high thermal stability, making rutile TiO2 a suitable 

choice for high-temperature and large-scale applications13. In contrast, the anatase 

phase generally exhibits superior photocatalytic activity compared to rutile, primarily 

due to its wider bandgap (~3.2 eV), higher surface area, and more favorable charge 

transport properties. The low-energy (101) surface, which dominates in anatase 

nanocrystals, offers high electron mobility and reduced surface recombination, while 
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the (001) surface possesses strong oxidation potential, facilitating efficient hole-driven 

redox reactions14. Moreover, anatase TiO2 exhibits a longer carrier lifetime and higher 

conduction band edge relative to rutile, enabling more efficient charge separation and 

stronger driving force for reduction reactions—key attributes for photoanode design in 

water splitting15. Although brookite has historically been less investigated due to 

synthesis challenges and structural complexity, recent studies have revealed its 

promising photocatalytic properties and unique band alignment, sparking renewed 

interest in its potential PEC applications16,17.  

The fabrication method of TiO2 plays a crucial role in determining its morphology, 

crystallinity, and interfacial quality—all of which directly influence its PEC 

performance. For bulk or powdered TiO2, techniques such as solid-state reactions18, sol-

gel synthesis19,20, and various hydrothermal or solvothermal processes21,22 are 

commonly used. These approaches offer versatility in controlling crystal phase and 

particle size but provide limited control over film thickness and surface uniformity. For 

thin-film applications, methods including sputtering, chemical vapor deposition 

(CVD)23, sol-gel spin coating24, pulsed laser deposition (PLD)25, and atomic layer 

deposition (ALD)26 have been developed. Among these, ALD has emerged as one of 

the most powerful and precise methods for preparing high-quality TiO2 thin films. ALD 

operates through sequential, self-limiting surface reactions between gaseous 

precursors—typically titanium tetrachloride (TiCl4) or titanium isopropoxide (TTIP)—

and oxidants such as H2O or O3
27. Each reaction cycle deposits a sub-monolayer of 

material, enabling atomic-scale control over film thickness, stoichiometry, and 

Figure 2.1 Crystal structures of TiO2 in the anatase, rutile, and brookite phases7. 
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uniformity (Figure 2.2)28. This layer-by-layer process produces films with exceptional 

conformality, even on substrates with complex geometries or high aspect ratios29,30. The 

resulting TiO2 films exhibit excellent optical transparency, smooth surface morphology, 

and highly controlled thickness, all of which are crucial for optical interference 

management in nanophotonic architectures31,32. Furthermore, the crystallinity of ALD-

grown TiO2 can be tailored through deposition temperature: amorphous or partially 

crystalline anatase films are typically obtained at 150–300 °C, and post-deposition 

annealing can transform them into fully crystalline anatase without compromising 

interfacial quality.  

These advantages make ALD-grown TiO2 particularly suitable for plasmonic-photonic 

hybrid systems, where the semiconductor layer not only serves as a charge transport 

medium but also as a part of the optical cavity that supports resonant coupling 

phenomena. The ability to precisely tune film thickness and uniformity enables fine 

control over the optical path length, FP resonance condition, and modal overlap 

between LSPRs and cavity modes. Consequently, ALD TiO2 plays a key role in 

establishing well-defined and reproducible modal strong coupling systems, serving as 

the dielectric foundation for studying light-matter interactions and their impact on PEC 

processes. 

2.1.2 Fabrication of Au nanostructures  

On the other hand, noble metal nanoparticles or nanostructures are indispensable 

Figure 2.2 Schematic illustration of the ALD processes28. 
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components for inducing LSPR and thereby harnessing visible-to-NIR light in artificial 

photosynthesis systems. Among various plasmonic materials, Au, Ag, and Cu are the 

most extensively utilized due to their high free-electron density and well-defined 

plasmonic response in the visible spectral region. Ag exhibits the strongest LSPR 

intensity and the sharpest resonance linewidth because of its low intrinsic damping33; 

however, its chemical instability and susceptibility to oxidation under ambient or 

aqueous conditions limit its use in long-term PEC operation34. Cu, though more earth-

abundant and cost-effective, suffers from rapid oxidation and weak plasmonic 

performance due to its interband transitions overlapping with the visible range35,36. In 

contrast, Au offers an ideal balance between plasmonic performance and chemical 

durability—it maintains strong LSPR activity while exhibiting exceptional stability 

against photocorrosion and oxidation37,38, making it the most reliable choice for 

integration with metal oxide semiconductors such as TiO2. 

The fabrication of plasmonic metal nanostructures has been achieved through a wide 

range of techniques, each offering different levels of structural control, scalability, and 

precision. Common approaches include colloidal synthesis39,40, thermal dewetting41,42, 

nanosphere lithography (NSL)43, and electron-beam lithography (EBL)44. 

Colloidal synthesis provides a facile and scalable means to produce metal nanoparticles 

dispersed in solution, typically by chemical reduction of metal precursors using 

reducing agents such as sodium citrate or ascorbic acid. The particle size and 

morphology can be tuned to some extent by varying the precursor concentration, 

temperature, and capping agents45; however, even under optimized conditions, size 

dispersion is inevitable, leading to inhomogeneous LSPR linewidths. Thermal 

dewetting of thin metal films represents another simple route for forming nanoparticles 

directly on solid substrates. Upon annealing at elevated temperatures, a continuous 

metal film breaks up into discrete islands through surface diffusion and minimization 

of interfacial energy46. While this technique enables direct nanoparticle formation on 

desired substrates without chemical contamination, the particle size distribution 

typically follows a Gaussian profile, and the spatial arrangement is random. As a result, 

it is difficult to achieve precise control over LSPR coupling or periodicity, which are 
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critical parameters for optical mode engineering and modal strong coupling studies. 

To overcome these limitations, lithographic techniques such as NSL and EBL are 

employed when highly ordered, reproducible, and well-defined nanostructures are 

required. 

Nanosphere lithography (NSL) uses a self-assembled monolayer of polystyrene or 

silica nanospheres as a physical mask during metal deposition. After deposition, 

removal of the spheres leaves behind arrays of nanodisks, nanoholes, or other shapes 

depending on the geometry of the mask. This approach is particularly attractive due to 

its simplicity and scalability over large areas47. However, the achievable geometries are 

restricted by the packing symmetry and size of the nanospheres, making it difficult to 

precisely tune parameters such as thickness or interparticle spacing. Electron-beam 

lithography (EBL), in contrast, offers ultimate precision in fabricating plasmonic 

nanostructures. It allows the direct writing of nanoscale patterns with programmable 

geometries—including nanodisks, nanorods, nanoblocks, and nanotriangles—on a 

resist-coated substrate. The shape, size, and periodicity of the nanostructures can be 

independently and precisely controlled, enabling systematic investigations of LSPR 

wavelength dependence and near-field coupling effects48,49. Additionally, the thickness 

of the nanostructures can be increased by coating a thicker photoresist or depositing 

additional metal layers. Although EBL is relatively time-consuming and may induce 

slight substrate charging or radiation damage, its flexibility and reproducibility make it 

the preferred choice for constructing well-defined model systems in optical and PEC 

research. 

The EBL fabrication process typically consists of several critical steps to ensure high 

structural fidelity and interfacial cleanliness. The substrate—commonly quartz, SiO2/Si, 

or TiO2-coated wafers—must first be thoroughly cleaned using sequential ultrasonic 

baths in acetone, isopropanol, and deionized water, followed by plasma treatment to 

enhance surface hydrophilicity and photoresist adhesion. A thin layer of photoresist is 

then spin-coated onto the substrate and baked to remove residual solvents and solidify 

the film. The substrate is subsequently loaded into the EBL system, where a focused 

electron beam scans across the surface according to a predefined pattern. Depending on 
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the type of resist, the exposure behavior differs. In positive resists, the electron-exposed 

regions undergo chain scission and become soluble in the developer, whereas in 

negative resists, the irradiated regions undergo cross-linking and remain after 

development50. After exposure, the substrate is immersed in a suitable developer 

solution to remove either the exposed or unexposed regions, revealing a nanoscale 

template pattern. 

Following pattern development, metal deposition is performed using thermal 

evaporation, electron-beam evaporation, or sputtering. Gold is most commonly 

deposited due to its inertness and well-established adhesion behavior on oxide 

substrates (often improved by a thin Ti or Cr adhesion layer). Finally, the lift-off process 

is conducted by immersing the substrate in a solvent which dissolves the remaining 

resist and removes unwanted metal, leaving behind the well-defined nanostructures. 

The resulting EBL-fabricated nanostructures exhibit high reproducibility and well-

controlled geometrical parameters, allowing systematic tuning of the LSPR wavelength, 

field confinement, and modal strong coupling behavior. Such precise nanostructures are 

essential not only for studying LSPR-semiconductor charge transfer dynamics but also 

for exploring modal strong coupling phenomena in hybrid photonic-plasmonic systems, 

as will be described in the following sections.  

As a preliminary and systematic investigation of the modal strong coupling mechanism, 

I designed the simplest possible nanostructure—the Au-nanodisks (Au-NDs) array—as 

the model system. The Au-NDs structure possesses the highest degree of geometric 

symmetry, which minimizes extraneous variables and allows clear control of the 

coupling parameters simply by tuning the disk diameter and array periodicity. 

Furthermore, to reduce unnecessary variations arising from anisotropic near-field 

interactions, Au-NDs were arranged in a hexagonal lattice rather than a square lattice. 

In a hexagonal configuration, each Au-ND maintains an equal distance from all nearest 

neighbors, thereby suppressing discrepancies between diagonal and adjacent coupling 

modes. This design ensures a more uniform and interpretable optical response, making 

it ideal for identifying the fundamental characteristics of modal strong coupling. 
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2.2 Experimental details 

2.2.1 Sample fabrication  

Silica quartz glass (SiO2) substrates with dimensions of 10 × 10 × 1.0 mm3 were 

employed as the supporting base for constructing the modal strong coupling systems. 

Prior to any deposition process, the substrates were pre-cleaned to remove surface 

contaminants and dust particles. The cleaning procedure began with manually wiping 

the substrate surface using cleanroom-grade wipers (BEMCOT) moistened with 

acetone to eliminate large particulates. The substrates were subsequently sonicated for 

5 minutes each in acetone, methanol, and ultrapure water baths to remove organic 

residues, followed by drying with a high-purity nitrogen gas stream. 

To form the reflective base layer, a 2-nm titanium (Ti) adhesion layer, a ~100-nm Au 

film, and an additional 2-nm Ti adhesion layer were sequentially deposited onto the 

cleaned substrates using Helicon sputtering (MPS-4000C1/HC1). This Ti/Au/Ti 

multilayer served as the bottom Au mirror, essential for forming the FP nanocavity and 

supporting the modal strong coupling with the upper nanostructures. Subsequently, a 

TiO2 thin film of controlled thickness was deposited on the Au-mirror substrates using 

a commercial ALD reactor (PICOSUN R-200 Advanced) operated at 300 °C. During 

the ALD process, TiCl4 and deionized water were alternately pulsed as precursors. Each 

ALD cycle consisted of a TiCl4 pulse, a nitrogen purge, an H2O pulse, and another purge, 

enabling precise layer-by-layer growth. The TiO2 film thickness was accurately tuned 

by adjusting the total number of deposition cycles. ALD-grown TiO2 films fabricated 

under these conditions typically exhibit smooth morphology, high optical transparency, 

and crystalline anatase structure due to the elevated deposition temperature. 

Before proceeding to EBL, the TiO2 surface was treated using ozone plasma exposure 

under UV irradiation for 10 minutes to enhance its surface hydrophilicity and resist 

adhesion. A diluted copolymer electron-beam resist (ZEP-520A, Zeon Chemicals; 

diluted in anisole at a 1:1 ratio) was then spin-coated on the TiO2 surface at 1000 rpm 

for 10 s and 4000 rpm for 60 s to obtain a uniform resist layer of approximately 130 nm 

thickness. The coated samples were baked on a hot plate at 180 °C for 2 minutes to 
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remove residual solvents and solidify the resist film. Nanostructure patterning was 

conducted using an electron-beam lithography system (ELS-F130, Elionix) operating 

at 130 kV acceleration voltage with a beam current of 300 pA. Pre-designed patterns 

created in CAD format were used to define periodic circular regions corresponding to 

the Au-NDs. During EBL exposure, the polymer chains of the positive-type ZEP resist 

were decomposed at the irradiated regions, enabling selective removal in the 

subsequent development process. The exposed samples were developed in ZED-N50 

developer for 1 minute, and then dried by a high-purity nitrogen gas stream. 

Following development, a 2-nm Ti adhesion layer and a 30-nm Au layer were 

sequentially deposited by helicon sputtering to form the nanostructures. The lift-off 

process was then carried out by immersing the samples in dimethylacetamide (DMAC) 

at 80 °C under ultrasonication twice to dissolve the remaining photoresist and remove 

the excess metal layers. Subsequently, the samples were further cleaned by sequential 

ultrasonication in acetone and ultrapure water to ensure complete removal of organic 

residues and achieve a pristine nanostructured surface. After lift-off, periodic Au-NDs 

were obtained, uniformly distributed on the TiO2 surface. The overall process of EBL 

is schematically illustrated in Figure 2.3. For comparison, conventional LSPR 

structures without strong coupling were also fabricated following the same procedure, 

except that the bottom Au mirror was omitted. In this case, only a Ti adhesion layer was 

Figure 2.3 Schematic illustration of the EBL processes. 
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deposited directly on the substrate before TiO2 growth. This difference allowed a direct 

comparison between uncoupled LSPR systems and the modal strong coupling systems 

under identical structural and measurement conditions. Hereafter, the modal strong 

coupling structure composed of the Au-NDs array, TiO2 layer, and Au bottom mirror is 

referred to as ATA, while the uncoupled LSPR structure consisting of only the Au-NDs 

array and TiO2 layer is referred to as AT.  

2.2.2 Optical properties and morphology characterization  

The optical properties of the fabricated structures were characterized using a photonic 

multichannel analyzer (PMA C7473, Hamamatsu Photonics), which operates over a 

wavelength range of 400-955 nm. This instrument enabled high-resolution spectral 

acquisition of both transmittance and reflectance spectra. For the AT structures, the 

transmittance (T) spectra were recorded by taking the bare substrate region without 

nanostructures as a reference, while the reflectance (R) spectra were obtained using a 

silver mirror as the reference standard. In contrast, for ATA—where an opaque Au 

mirror was incorporated beneath the TiO2 film—only the reflectance spectra were 

measured, since light transmission through the substrate is completely suppressed by 

the metal layer. 

Based on these measurements, the absorption (A) spectra were calculated using the 

standard relations: 

For AT: A = 1 - T - R  

For ATA: A = 1 - R (due to zero transmittance). 

Similarly, the extinction (E) spectra were derived as: 

E = -log10(T) for AT, and 

E = -log10(R) for ATA. 

These spectral analyses provide crucial insights into the light-matter interaction 

mechanisms, including the resonance behavior, coupling strength, and potential 

spectral splitting arising from hybridized modes between LSPR and FP cavity. 

The surface morphology and structural details of the samples were characterized using 

a field-emission scanning electron microscope (FE-SEM, SU8230, Hitachi). For the AT 
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samples, a conductive E-spacer coating was applied prior to measurement to suppress 

surface charge accumulation and ensure image clarity, since their surfaces are relatively 

insulating. In contrast, ATA—owing to the presence of a thick TiO2 film and the 

underlying Au mirror—exhibited sufficient intrinsic conductivity, eliminating the need 

for additional coating. 

SEM images were acquired at an accelerating voltage of 5 kV, under multiple fields of 

view (FOVs) to ensure statistical accuracy. Each image was captured with an exposure 

time of approximately 20 seconds. For detailed structural observation, the sample stage 

was tilted at appropriate angles to obtain both oblique top-view and cross-sectional 

images. The obtained micrographs were subsequently analyzed using the SEM 

accessory software to quantitatively evaluate parameters such as the nanostructure 

diameter, interparticle gap, periodicity, and TiO2 film thickness. These morphological 

analyses were critical for correlating structural precision with optical response, 

particularly in evaluating how variations in geometry influence plasmonic and cavity 

coupling behavior. 

2.2.3 Numerical simulations  

Numerical simulations based on the finite-difference time-domain (FDTD) method 

(Lumerical, Inc.) were performed to analyze the optical properties of the fabricated 

structures and to provide direct comparison with experimental results. The simulated 

geometries were constructed according to the experimentally designed parameters, 

where only a single unit cell was modeled under periodic boundary conditions to 

represent the extended nanostructure array. In the simulation, TiO2 was modeled as a 

dielectric medium with a constant refractive index of n = 2.4, consistent with the 

experimentally deposited anatase-like TiO2 thin film. The optical constants of Au were 

taken from the widely used dataset of Johnson and Christy, ensuring accurate 

representation of the metal’s dispersion behavior across the visible to NIR region. The 

system was excited by a normally incident plane wave, with controllable polarization. 

Since the designed Au-NDs arrays possess a high degree of rotational symmetry, 

circularly polarized light was employed in most simulations to effectively reproduce 
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the optical response obtained experimentally under unpolarized illumination using the 

PMA system. The computational grid employed a uniform mesh size of 1 nm in all 

three spatial dimensions, providing a balance between numerical accuracy and 

computational efficiency. Power monitors were placed above and below the structure 

to calculate reflectance (R) and transmittance (T), from which absorption spectra were 

obtained. In the case of ATA, where the bottom Au mirror blocks transmission, only 

reflectance was computed, and the absorption was calculated following the same 

equations as those in the PMA section. 

Additionally, wavelength-resolved near-field enhancement spectra were calculated by 

extracting the local electric-field intensity (∣E∣) at representative probe positions (and, 

where appropriate, summed up over defined surface regions) as a function of 

wavelength. These near-field spectra provide a direct measure of the spectral positions 

and relative magnitudes of localized field enhancement associated with both the LSPR 

and FP modes. By correlating the calculated near-field enhancement peaks with the 

experimental far-field reflectance/absorption spectra, we were able to assign spectral 

features to specific resonant modes and quantitatively evaluate modal hybridization and 

coupling strength. Moreover, the wavelength-dependent enhancement factors derived 

from these spectra were used to estimate the optical field concentration relevant to hot-

carrier generation, thereby enabling a direct comparison between optical enhancement 

and measured hot-electron injection efficiencies 
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2.3 Results and discussions 

2.3.1 Surface morphology of the Au-NDs  

A series of Au-NDs arrays were fabricated for the AT structures to investigate the 

influence of geometrical parameters on their LSPR characteristics. The designed 

diameters of the Au-NDs ranged from 60 to 130 nm, while the interparticle gap was 

varied from 1 to 3 times the corresponding disk diameter to systematically tune the 

interparticle interaction between adjacent Au-NDs. Figure 2.4 presents representative 

SEM images of several AT samples with different Au-ND geometries. The fabricated 

structures exhibit well-defined disk shapes with smooth edges and uniform periodicity, 

closely matching the designed parameters. The consistency in size, period, and 

morphology demonstrates the high fidelity and reproducibility of the nanofabrication 

process, confirming the successful realization of the intended Au-ND arrays.  

2.3.2 Optical properties of AT  

Figure 2.5 and Figure 2.6 presents the extinction spectra of AT structures consisting of 

Au-NDs with systematically varied geometrical parameters. In the first series, the 

period-to-diameter ratio was fixed while the disk diameter was altered from 70 to 130 

nm (Figure 2.5). As shown in the spectra, each AT structure exhibits a distinct LSPR 

peak, which gradually shifts toward longer wavelengths as the Au-ND diameter 

increases. This tendency is consistent with the well-established size dependence of 

LSPR: smaller metallic nanoparticles exhibit stronger spatial confinement of free 

Figure 2.4 SEM images of (a) Au-NDs with diameter of 80 nm and period of 280 nm, and    

(b) Au-NDs with diameter of 130 nm and period of 260 nm. Scale bars represent 200 nm. 
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electrons, resulting in a higher resonance energy (shorter wavelength). Such behavior 

agrees with classical electrodynamic theory and previous reports on size-dependent 

plasmonic resonance in Au nanostructures. 

On the other hand, when analyzing the spectra by keeping the disk diameter constant 

while tuning the array period, the corresponding extinction spectra, shown in Figure 

2.6, reveal that the period dependence of the LSPR wavelength is not universal but 

instead depends strongly on the size of the Au-NDs. To quantitatively summarize these 

observations, the extracted LSPR wavelengths were plotted as a function of both Au-

NDs diameter and array period, as shown in Figure 2.7. Interestingly, for larger Au-

NDs (diameter > 80 nm), the LSPR wavelength exhibits a negative correlation with the 

array period, while for smaller Au-NDs (diameter < 80 nm), a positive correlation is 

observed. This contrasting behavior can be attributed to the interplay between far-field 

scattering and near-field coupling effects within the Au-NDs arrays. In large Au-NDs, 

scattering is dominant and can strongly interact with diffractive modes of the periodic 

array. As the array period increases, the Rayleigh anomaly shifts toward longer 

wavelengths, leading to the emergence of lattice plasmon resonances and a 

Figure 2.5 Extinction spectra of Au-NDs arrays in the AT structure, measured for various 

diameters under different diameter-to-period ratios: (a) 1:1, (b) 1:1.5, (c) 1:2, (d) 1:2.5, (e) 1:3, 

and (f) 1:3.5. 



48 
 

corresponding redshift of the LSPR peak51-53. In contrast, smaller Au-NDs exhibit much 

weaker scattering and are primarily absorption-dominated. In this regime, the 

plasmonic resonance is mainly determined by near-field dipole-dipole interactions 

between adjacent Au-NDs. Reducing the interparticle distance enhances the near-field 

coupling, which leads to a higher restoring force for the collective electron oscillation 

and thus a blue shift of the LSPR wavelength54-56. 

Notably, when the Au-NDs diameter is around 80 nm, the LSPR wavelength becomes 

nearly insensitive to the variation in array period. This indicates a balance between the 

opposing effects of far-field scattering (favoring a redshift) and near-field coupling 

(favoring a blueshift). This equilibrium condition is of particular importance for further 

structural design, as it allows the array period to be adjusted for cavity matching or 

fabrication convenience without perturbing the intrinsic LSPR energy. Owing to this 

Figure 2.6 Extinction spectra of Au-NDs arrays in the AT structure, measured for various 

diameter-to-period ratios under diameters: (a) 70 nm, (b) 80 nm, (c) 90 nm, (d) 100 nm,      

(e) 110 nm, (f) 120nm, and (g) 130 nm. 
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unique property, the Au-ND arrays with a diameter of 80 nm were selected as the 

standard configuration for the subsequent construction of the ATA structures, which are 

employed to investigate the modal strong coupling behavior between the LSPR and FP 

nanocavity modes. 

2.3.3 Optical properties of FP nanocavity  

Another key optical component in the ATA modal strong coupling system is the FP 

nanocavity, whose resonant characteristics must be carefully investigated to enable 

efficient coupling with the LSPR mode. The FP resonance arises from the constructive 

interference of multiple reflections within the dielectric cavity layer sandwiched 

between two metallic mirrors. The resonance wavelengths of such cavity modes are 

highly sensitive to the optical cavity length and can be described by the classical 

resonance condition: 

௖௔௩௜௧௬ =  
2𝑛𝐿

𝑚
 

where ௖௔௩௜௧௬ is the resonance wavelength of the FP nanocavity, 𝑛 is the refractive 

index of the dielectric medium, 𝐿  is the effective cavity thickness, and 𝑚  is the 

integer order of the resonant mode57. This equation implies that the resonance energy 

Figure 2.7 Dependence of the LSPR wavelength on the Au-NDs size and the diameter-to-period 

ratio in the AT structure. 
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(or wavelength) can be systematically tuned by adjusting the TiO2 layer thickness, 

allowing direct control over the spectral position of the cavity mode. 

Figure 2.8(a) displays the experimental reflectance spectra of FP nanocavities with 

various TiO2 thicknesses. As expected, the resonance peaks redshift progressively as 

the cavity thickness increases, confirming the dependence predicted by the above 

relation. To further validate these results, FDTD simulations were carried out using 

identical geometrical parameters, and the simulated spectra are shown in Figure 2.8(b). 

The simulated resonances exhibit excellent agreement with the experimental data, both 

in terms of spectral position and overall trend, indicating that the fabricated cavities 

possess well-controlled thickness and uniform optical quality. To achieve modal strong 

coupling between the LSPR and the FP nanocavity modes, the resonance energies of 

the two optical components must be spectrally matched. Based on the LSPR wavelength 

of the 80-nm Au-NDs identified in the previous section, an FP nanocavity with a 

thickness of approximately 198 nm was selected, where the cavity resonance coincides 

with the LSPR mode. This configuration provides the optimal condition for 

hybridization between the plasmonic and photonic modes, leading to the emergence of 

distinct upper and lower branches in the ATA structure, as will be discussed in the 

following section. 

Figure 2.8 (a) Experimental and (b) simulated spectra of FP nanocavities with varying          

TiO2 layer thicknesses. 
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2.3.4 Optical properties of ATA  

Using the 80-nm Au-NDs and the 198-nm TiO2 FP nanocavity described above, a series 

of ATA structures with varying structural periods were fabricated to systematically 

investigate the dependence of modal strong coupling on Au-NDs density. To 

quantitatively describe the density of Au-NDs, we introduce the particle number density 

(PND), defined as the number of Au-NDs per unit area (1 μm2). Since the Au-NDs 

diameter was fixed at 80 nm, increasing the structural period (i.e., enlarging the 

interparticle distance) results in a decrease in PND, as the SEM images in Figure 2.9. 

Figure 2.10(a) presents the absorption spectra of ATA structures with different PND 

values. In all spectra, two distinct resonance peaks corresponding to the upper and lower 

branches can be clearly observed, and the degree of energy splitting varies 

systematically with PND. These energy splittings are attributed to the formation of 

hybrid states resulting from the modal strong coupling between the LSPR of the Au-

NDs and the FP nanocavity mode. In addition, the corresponding near-field spectra 

were obtained through FDTD simulations, as shown in Figure 2.10(b). The simulated 

near-field spectra also exhibit pronounced energy splitting, consistent with the 

experimental observations. Notably, the near-field intensities at the upper branch are 

relatively weaker than those at the lower branch, which can be attributed to absorption 

losses in the Ti adhesion layer, leading to asymmetric field confinement within the 

cavity.  

To quantitatively analyze the coupling behavior, the integrated areas of the split peaks 

in both the absorption and near-field spectra were evaluated, as summarized in Figures 

Figure 2.9 SEM images of ATA structures with PNDs of (a) 80, (b) 59, and (c) 29.     

Scale bars represent 200 nm. 
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2.10(c) and (d). Interestingly, both the total absorption and near-field intensities of ATA 

structures exhibit a saturation behavior, becoming nearly constant when PND increases. 

In contrast, the AT structures without the FP nanocavity show a monotonically 

increasing absorption intensity proportional to PND (Figure 2.10(e)), following the 

Lambert-Beer law58. This difference indicates that a unique interaction occurs 

exclusively within the modal strong coupling ATA structures. 

Next, to confirm that the observed spectral features indeed arise from the modal strong 

coupling regime, the energy splittings were quantitatively analyzed. To extract the 

splitting energy, ATA samples with various PND values were fabricated on FP 

nanocavities with a range of thicknesses. By plotting the resonance energies of the 

upper and lower branches as a function of the FP nanocavity resonance wavenumber, 

dispersion relations were obtained for each PND (Figure 2.11). The dispersion curves 

exhibit the characteristic anticrossing behavior, where the two uncoupled modes (LSPR 

and FP) repel each other near the tuning point, confirming the presence of mode 

hybridization. The degree of this anticrossing is directly related to the coupling strength 

Figure 2.10 (a) Experimental absorption and (b) simulated near-field spectra of ATA structures 

with varying PNDs. Integrated peak areas of (c) absorption and (d) near-field spectra for ATA, 

and (e) integrated peak area of absorption for AT. 
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between the two modes.  

The experimental dispersion data were fitted using the coupled harmonic oscillator 

model, expressed as: 

𝐸௎஻,௅஻ =  
𝐸௅ௌ௉ோ +  𝐸ி௉

2
 ± 

1

2
ට(𝐸௅ௌ௉ோ − 𝐸ி௉)ଶ + 𝐸௦௣௟

ଶ 

where 𝐸௎஻ and 𝐸௅஻ are the energies of the upper and lower branches, 𝐸௅ௌ௉ோ  and 

𝐸ி௉ are the uncoupled resonance energies of the LSPR and FP nanocavity modes, 

respectively, and 𝐸௦௣௟ represents the Rabi splitting energy, quantifying the coupling 

strength between the two modes59. To determine whether the ATA structures operate 

within the strong coupling regime, the following criterion was used: 

𝐸௦௣௟  >  ඨ
𝛾௎஻

ଶ +  𝛾௅஻
ଶ 

2
=  ඨ

𝛾௅ௌ௉ோ
ଶ +  𝛾ி௉

ଶ 

2
 

where 𝛾௎஻ and 𝛾௅஻ are the linewidths (full width at half maximum, FWHM) of the 

upper and lower branches, and 𝛾௅ௌ௉ோ and 𝛾ி௉ are the linewidths of the individual 

uncoupled LSPR and FP nanocavity modes, respectively. From the measured spectra, 

𝛾௎஻ and 𝛾௅஻ were estimated to be approximately 150 meV and 110 meV, yielding an 

energy threshold of roughly 130 meV for the onset of strong coupling. The extracted 

Rabi splitting energy 𝐸௦௣௟ for the ATA structure with PND = 29 was found to be ~180 

Figure 2.11 Dispersion curves of ATA structures with PNDs of (a) 115, (b) 92, (c) 70, (d) 56,  

(e) 45, and (f) 29. 
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meV, which clearly exceeds this threshold. Therefore, ATA structures with PND ≥ 29 

can be conclusively identified as operating in the modal strong coupling regime. 

2.3.5 Analysis of splitting energy  

As shown in the dispersion results, the coupling strength between the LSPR and FP 

nanocavity modes exhibits a clear dependence on PND. Figure 2.12(a) presents the 

experimentally extracted splitting energies as a function of PND. It can be seen that the 

splitting energy increases with PND, indicating that denser Au-NDs arrays facilitate 

stronger collective coupling. However, the relationship does not follow a simple linear 

trend, suggesting a more complex dependence of coupling strength on structural density 

and mode overlap.  

To further verify this tendency, FDTD simulations were performed for ATA structures 

with varying PND values, and the resulting splitting energies are plotted in Figure 

2.12(b). Although the simulated splitting energies are generally higher than the 

experimental ones—likely due to the idealized geometry, perfectly smooth interfaces, 

and absence of fabrication imperfections—the simulated data exhibit the same positive 

correlation between splitting energy and PND. The quantitative discrepancy between 

experiment and simulation is reasonable, as real samples typically contain surface 

roughness, size variations, and interfacial defects that can reduce the effective coupling 

strength. For small PND structures, Au-NDs interact more weakly with each other, 

Figure 2.12 Relationship between splitting energy and PND obtained from (a) experiment and 

(b) simulation. The solid curves represent square-root fitting results, and the green dashed line 

indicates the simulated splitting energy of a single Au-ND. 
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allowing their coupling behavior to be approximated by the ensemble strong coupling 

model, in which the Rabi splitting energy scales with the square root of the number of 

coupled oscillators60. Following this analogy, the experimental and simulated results 

were fitted using a square-root dependence: 

𝐸௦௣௟ =  𝐴 ×  √𝑃𝑁𝐷 

where 𝐴 represents the proportionality constant. The fitting yielded 𝐴 = 0.03622 for 

the experimental data and 𝐴 = 0.03877 for the simulated data. 

To further understand this relation, the splitting energy of a single Au-ND was estimated 

using FDTD simulations of an isolated Au-ND on the TiO2/Au mirror FP nanocavity. 

The resulting absorption spectrum (Figure 2.13) revealed a splitting energy of 

approximately 89 meV. When this value is compared to the PND-splitting energy 

curves (indicated by green dashed lines in Figure 2.12), it corresponds to an effective 

PND of ~5.8 in the experimental data and ~5.2 in the simulated data. This comparison 

suggests that even an individual Au-ND can exhibit a certain degree of coupling with 

the FP nanocavity mode, confirming that the modal strong coupling in ATA structures 

does not purely originate from ensemble collective effects. Furthermore, both the 

experimental and simulated data exhibit positive deviations from the square-root fitting 

curve at higher PND values, implying an additional enhancement mechanism beyond 

the ensemble coupling model. The size-scaling effect of the isolated Au-NDs, the 

Figure 2.13 Simulated absorption spectrum of an isolated Au-ND on the FP nanocavity.     

The absorption peak was fitted using a three-component Lorentzian fitting. 
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deviation of the splitting energy from the square-root relation, and the saturation 

behaviors of the absorption and near-field responses with increasing PND in the modal 

strong coupling ATA structures will be systematically discussed in Chapter 3. 

2.4 Conclusions 

In this chapter, modal strong coupling systems were successfully established by 

integrating the LSPR of Au-NDs with a FP nanocavity possessing a comparable 

resonance energy. The resulting ATA structures, exhibited distinct energy splitting 

features in both far-field absorption and near-field spectra, clearly evidencing the 

formation of hybrid modes. Moreover, analysis of the integrated spectral areas revealed 

a saturation behavior with increasing PND, which was not observed in the uncoupled 

AT and other conventional LSPR systems. 

The coupling strength of the ATA structures, quantified by the energy splitting derived 

from dispersion curves, satisfies the criterion of the strong coupling condition. 

Furthermore, the splitting energy exhibits a square-root dependence on PND in the low-

density region, consistent with the theoretical relation for ensemble strong coupling 

systems. Interestingly, at higher PND values, the splitting energies deviate positively 

from the square-root trend, suggesting the emergence of additional coupling effects or 

mode hybridization beyond the standard ensemble regime. Finally, simulations 

revealed that a single Au-ND coupled with the FP nanocavity produces a splitting 

energy comparable to that of an Au-NDs array with PNDs in the range of 2.4-5.2. These 

distinctive behaviors of ATA structures will be systematically explored and 

mechanistically analyzed in Chapter 3 to further elucidate the underlying physical 

origins of modal strong coupling. 
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Chapter 3 

Quantum-coherence-induced enhancement mechanisms in the modal 

strong coupling system 

3.1 Introduction 

In the previous chapter, the modal strong coupling behaviors of the ATA systems were 

experimentally and numerically demonstrated. The observed energy splittings exceeded 

the threshold criterion of strong coupling, confirming the establishment of hybridized 

plasmon-photon states. For ATA structures with low PND, the splitting energy exhibited 

a square-root dependence on PND, consistent with the behavior typically observed in 

ensemble strong coupling systems. However, several distinct and unexplained 

phenomena emerged beyond the scope of conventional ensemble coupling theory. 

Unlike ordinary absorbing systems that obey the Lambert-Beer law, the ATA structures 

displayed a saturation in integrated absorption intensity as PND increased, indicating 

that absorption no longer scales linearly with the number of plasmonic particles. 

Furthermore, even an isolated single Au-ND exhibited a measurable splitting energy 

comparable to that of an Au-NDs array with a low PND, suggesting that a strong-

coupling-like interaction also exists at the single-particle level. In addition, for arrays 

with higher PND values, the energy splitting deviated positively from the expected 

square-root dependence, implying the emergence of additional coupling effects or 

higher-order modal interactions. 

These unique and nontrivial phenomena strongly suggest that a distinct interaction 

mechanism operates within the ATA modal strong coupling systems, one that cannot be 

fully described by classical ensemble strong coupling models. Therefore, in this chapter, 

I will delve deeper into the underlying mechanisms of modal strong coupling, 

combining experimental observations, electromagnetic simulations, and theoretical 

analysis to provide a comprehensive and physically reasonable explanation for these 

unconventional behaviors. Specifically, I will investigate hot-electron injection 

efficiency, near-field spatial distributions, and the PEC analysis to elucidate the effect 
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of quantum coherence in the modal strong coupling system. 

3.1.1 Electron transfer dynamics in metal-semiconductor 

heterojunctions  

Before addressing the transient spectroscopic results, it is essential to first understand 

how photoexcited charge carriers behave at the metal-semiconductor interface, since 

the interfacial electron transfer dynamics fundamentally determine the subsequent hot-

electron injection and photocatalytic efficiency. In plasmonic and PEC systems, the 

formation of a heterojunction between a metal and a semiconductor fundamentally 

governs the pathways of light-induced charge transfer and energy conversion. When a 

metallic nanoparticle is brought into contact with a semiconductor, their Fermi levels 

equilibrate through interfacial charge redistribution, resulting in the formation of a 

Schottky barrier or an ohmic junction depending on the relative work functions1,2. For 

an n-type semiconductor such as TiO2, the Fermi level lies closer to its conduction band, 

while that of a metal is typically lower. Upon contact, electrons flow from TiO2 into the 

metal until equilibrium is established, bending the semiconductor bands upward near 

the interface and forming a Schottky barrier (Figure 3.1)3,4. This potential barrier 

allows the flow of photogenerated electrons from the metal into the semiconductor 

under illumination but prevents the reverse flow in the dark, thereby facilitating 

rectified charge transfer5,6.  

In the case of the Au-TiO2 heterojunction investigated in this work, light irradiation 

excites the LSPR of Au-NDs. The collective oscillation of conduction electrons leads 

Figure 3.1 Schematic illustration of Schottky barrier4. 
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to the generation of energetic “hot” carriers through nonradiative damping, such as 

Landau damping. Among them, hot electrons with sufficient energy to overcome the 

Schottky barrier are injected into the TiO2 conduction band, where they can participate 

in reduction reactions at the semiconductor surface or be probed by transient 

spectroscopic techniques. The corresponding hot holes remain in the Au nanoparticle, 

typically participating in oxidation reactions. This charge separation, driven by the 

asymmetric interfacial potential, is the key to plasmon-induced photocatalysis and 

underlies the transient absorption features analyzed in the following section. 

Conversely, when the semiconductor is p-type (for example, Cu2O or NiO), the 

situation is reversed. The Fermi level of the semiconductor lies closer to the valence 

band, generally higher than that of the metal. Upon contact, electrons flow from the 

metal into the p-type semiconductor, bending the bands downward near the interface 

and forming a barrier for hole transport. Under light excitation, hot holes generated in 

the metal can be injected into the valence band of the semiconductor, where they drive 

oxidation reactions, while the corresponding hot electrons remain in the metal to 

participate in reduction. This opposite carrier flow direction highlights the critical role 

of the semiconductor type in dictating whether hot electrons or hot holes dominate the 

photocatalytic behavior7. 

Beyond metal-semiconductor junctions, it is noteworthy that even pure metallic 

nanoparticles can sustain both oxidation and reduction reactions simultaneously on 

different facets or sites. Due to the strong local electric fields and rapid electron 

redistribution within metallic nanostructures, spatially separated redox reactions can 

proceed on a single particle—oxidation at high-index or positively charged facets, and 

reduction at regions of negative potential8. This intrinsic bidirectional charge flow 

enables metallic nanostructures to catalyze complete redox cycles without requiring an 

external semiconductor support, emphasizing the versatility of plasmonic metals in 

driving surface chemical transformations. 

Altogether, understanding these fundamental electron transfer processes in 

heterojunctions—across n-type, p-type, and even all-metal configurations—is essential 

for interpreting the transient absorption results and elucidating how plasmonic 
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excitation couples with interfacial charge dynamics in the subsequent analyses. 

3.1.2 Transient absorption spectroscopy  

After understanding the fundamental mechanisms of electron transfer at metal-

semiconductor interfaces, it becomes crucial to experimentally verify these dynamics 

and evaluate how efficiently hot carriers are generated and injected across the junction. 

Various techniques have been developed to measure and analyze the generation and 

injection efficiency of hot electrons in plasmonic systems, including two-photon 

photoemission spectroscopy (2PPE)9,10, surface photovoltage spectroscopy (SPV)11-13, 

ultrafast terahertz spectroscopy (TRTS)14,15, and femtosecond transient absorption 

spectroscopy (TAS)16. Among these, TAS offers distinct advantages in investigating 

ultrafast charge carrier dynamics in metal-semiconductor heterostructures17,18, 

particularly for quantitatively evaluating the hot electron injection efficiency from Au-

NDs into the TiO2 layer19,20. TAS enables real-time monitoring of photoinduced 

processes with femtosecond temporal resolution, allowing direct observation of carrier 

excitation, transfer, and recombination dynamics. 

During a TAS measurement, two femtosecond laser pulses—designated as the pump 

and probe pulses—are used with a precisely controlled time delay between them. The 

pump pulse excites the plasmonic Au-NDs, inducing the generation of hot electrons 

through non-radiative decay of LSPR. Some of these hot electrons are injected into the 

conduction band of TiO2, forming a transient charge-separated state21. The subsequent 

probe pulse interrogates the sample at varying time delays, detecting changes in optical 

density (ΔOD) that correspond to the presence of these transient states. To obtain the 

ΔOD signal, the pump pulse train is periodically modulated using a mechanical 

chopper—allowing every other pulse to be alternately blocked and transmitted—so that 

the probe intensity with and without pump excitation can be sequentially measured. The 

difference between these two probe signals (pump-on and pump-off) is then recorded 

to determine the ΔOD. By systematically varying the time delay between pump and 

probe pulses, a ΔOD-time profile is constructed, revealing the temporal evolution of 

the excited-state population. The rise dynamics of ΔOD reflect the hot electron injection 
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process, the maximum value of ΔOD (ΔODmax) approximately indicates the total 

amount of the injected electrons, whereas the decay dynamics correspond to the 

recombination or relaxation of the injected electrons. Therefore, TAS serves as a 

powerful tool to directly elucidate the ultrafast kinetics of hot electron generation, 

transfer, and recombination within the ATA modal strong coupling system. 

3.1.3 Near-field mapping  

To directly visualize the spatial distribution of optical near-fields at the nanometer scale, 

several advanced characterization techniques have been developed, including 

scattering-type scanning near-field optical microscopy22,23 (s-SNOM), electron energy-

loss spectroscopy (EELS) in scanning or transmission electron microscopy24,25, 

cathodoluminescence (CL)26,27, and photoemission-based methods28. Among these, 

photoemission-based near-field mapping stands out as one of the most intuitive and 

direct approaches, as it visualizes the local photoemission intensity that is intrinsically 

linked to the optical near-field enhancement on the sample surface29. 

Photoemission (PE) is a nonlinear relaxation process in which electrons are emitted 

from a material surface via multiphoton excitation under intense light illumination30. 

When the photon energy of the incident light is lower than the material’s work function 

(), multiple photons must be simultaneously absorbed to excite an electron above the 

vacuum level. The corresponding photoemission yield (𝐼௉ா ) can be expressed as a 

power-law dependence on the local electric field (𝐼ா) as: 

𝐼௉ா =  |𝐼ா|ଶ௡ 

where 𝑛 is the nonlinear order (typically 𝑛 = 2-4 for femtosecond laser excitation). 

Because the photoemission intensity scales strongly with the near-field amplitude, the 

spatial distribution of PE signals directly reflects the near-field intensity profile on the 

nanostructure surface (𝐼ேி ∝  |𝐼ா|ଶ where 𝐼ேி is the near-field intensity). Therefore, 

PE-based imaging provides a powerful, indirect but quantitative probe of plasmonic 

near-field localization. 

A particularly effective technique utilizing this mechanism is PEEM. In PEEM, the 

sample is placed inside an ultrahigh-vacuum chamber and biased with a high negative 
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potential (typically several kVs). Upon irradiation with femtosecond laser pulses, 

multiphoton PE occurs preferentially at regions of enhanced near-field intensity, where 

the local electric field is sufficiently strong to overcome the nonlinear emission 

threshold31. The emitted electrons are then accelerated toward an electrostatic lens 

system and projected onto a phosphor screen or detector, forming a magnified image of 

the spatial distribution of photoemission intensity (Figure 3.2)32. Since PEEM imaging 

directly originates from the nonlinear near-field-enhanced photoemission process, the 

resulting PEEM contrast provides nanoscale visualization of local optical field 

enhancement, plasmonic mode distribution, and coupling behavior. Moreover, by 

tuning the excitation wavelength or polarization, PEEM enables the selective excitation 

of distinct plasmonic modes, making it a powerful diagnostic tool for studying complex 

hybrid systems such as the ATA modal strong coupling structure. 

3.1.4 PEC performance evaluation 

To verify the practical functionality of the designed photoelectrode, PEC performance 

tests are ultimately conducted. These measurements provide direct evidence of the 

light-driven charge generation, separation, and transfer efficiency, thereby linking the 

optical and electronic properties of the nanostructured materials to their catalytic 

activity. In a typical PEC setup, a three-electrode configuration is employed, focusing 

on the photoelectrode’s reaction behavior (Figure 3.3)33,34. The photoelectrode serves 

as the working electrode, where photoinduced redox reactions occur. A reference 

electrode, such as Ag/AgCl or saturated calomel electrode (SCE), is placed in close 

proximity to monitor the absolute potential applied to the working electrode. 

Meanwhile, an inert counter electrode, often composed of platinum mesh or carbon rod, 

Figure 3.2 Schematic illustration of PEEM32. 
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is positioned in a separate compartment to complete the circuit and facilitate the counter 

reaction. All electrodes are connected via conductive leads to an external potentiostat, 

enabling precise control of the applied potential and measurement of photocurrent. 

To comprehensively assess PEC performance, several key metrics are used: 

Photocurrent-voltage characteristic (I-V Curve): 

The most fundamental evaluation is the measurement of the photocurrent density (I, in 

mA) as a function of the applied potential (V). The onset potential, saturation 

photocurrent, and overall I-V curve shape provide insight into charge separation 

efficiency and the energetic alignment between the photoelectrode and electrolyte. 

Incident photon-to-current conversion efficiency (IPCE): 

The IPCE quantifies the ratio of the number of collected electrons to the number of 

incident photons at a specific wavelength, thereby reflecting the wavelength-dependent 

light-to-current conversion efficiency. It is mathematically expressed as: 

𝐼𝑃𝐶𝐸 =
1240 × 𝐼௣(𝐴/𝑐𝑚ଶ)

(𝑛𝑚) × 𝑃௜௡(𝑊/𝑐𝑚ଶ)
× 100% 

where 𝐼௣ is the measured photocurrent density,  is the wavelength of incident light, 

and 𝑃௜௡ is the irradiance of the incident beam. The IPCE spectrum directly reveals the 

active photoresponse region and allows comparison of the spectral dependence with the 

optical absorption characteristics of the material. 

Internal and External Quantum Efficiencies: 

The internal quantum efficiency (IQE) represents the fraction of absorbed photons that 

Figure 3.3 Schematic illustration of the PEC measurement34. 
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successfully generate collected electrons: 

𝐼𝑄𝐸 =
𝐼𝑃𝐶𝐸

𝐴𝑏𝑠
 

where 𝐴𝑏𝑠 is the optical absorption of the photoelectrode at each wavelength. On the 

other hand, the external quantum efficiency (EQE) accounts for both optical and 

electrical processes, and is defined as: 

𝐸𝑄𝐸 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 

In many PEC and photovoltaic systems, EQE and IPCE are used interchangeably when 

optical reflection and transmission losses are negligible. 

Applied Bias Photon-to-Current Efficiency (ABPE): 

To evaluate the overall solar-to-hydrogen conversion capability, the ABPE is calculated 

under simulated solar illumination as35: 

𝐴𝐵𝑃𝐸(%)  =  
𝐼௣  × (1.23 −  𝑉௕௜௔௦)

𝑃௜௡
 ×  100% 

where 𝑉௕௜௔௦ is the externally applied potential. This parameter directly correlates with 

the energy conversion efficiency of the PEC cell. Through these evaluations, the PEC 

performance of the photoelectrodes can be quantitatively analyzed and compared.  

3.2 Experimental details 

3.2.1 TAS measurements 

To evaluate the hot-electron generation and injection dynamics of the modal strong 

coupling ATA systems, TAS was employed to probe their ultrafast carrier behavior. 

Prior to the measurements, large-area (1.5  1.5 mm2) arrays of Au-NDs was prepared. 

An additional 7-nm TiO2 layer was conformally deposited on the ATA samples using 

ALD to recover surface damage and contamination on the TiO2 film caused during the 

EBL fabrication process. This post-treatment ensured a clean semiconductor interface 

for efficient charge transfer from the plasmonic nanostructures34.  

During TAS measurement, a regenerative amplified Ti:sapphire laser system 

(fundamental wavelength 800 nm, pulse duration ~25 fs, repetition rate 1 kHz) served 

as the light source. The fundamental output beam was divided into two parts: one as the 

pump pulse and the other as the probe pulse. The pump pulse was directed into a 



71 
 

collinear optical parametric amplifier (OPA; Light Conversion, TOPAS-C) to generate 

a tunable excitation wavelength that matches the absorption band of the sample. The 

pump beam was mechanically chopped at 500 Hz, allowing alternate measurement of 

the reflected probe signal with and without excitation, which enables the calculation of 

the ΔOD. For the probe pulse, a noncollinear difference frequency generator (NDFG) 

was employed to produce a mid-infrared probe with a center wavelength of 

approximately 3500 nm. This wavelength corresponds to the intraband transition 

energy of TiO2, thus serving as a sensitive probe for the injected electron population. 

The time delay between the pump and probe pulses was precisely controlled by a 

motorized linear delay stage, providing a temporal resolution better than 50 fs. Both 

pulses were weakly focused onto the sample surface using a concave mirror to achieve 

a loosely focused beam (spot diameter > 200 m) to avoid damage on sample and 

ensure homogeneous excitation. The pump pulse was normally incident on the sample, 

while the probe pulse was introduced at an oblique angle of ~22° (the Brewster angle)36 

to maximize reflection detection efficiency and reduce interference artifacts. The pump 

power was adjusted between 0.6-1.0 mW, while the probe power was maintained 

around 0.1 mW at the sample surface. 

The reflected probe signal was detected by a liquid-nitrogen-cooled mercury cadmium 

telluride (MCT) detector, and the differential signal between pump-on and pump-off 

conditions was processed to obtain the ΔOD. The ΔOD signal represents the change in 

optical density corresponding to the population of injected or excited electrons in the 

TiO2 layer. By scanning the time delay between the pump and probe pulses, a transient 

kinetic trace was acquired, reflecting both the hot-electron injection dynamics and the 

subsequent recombination or trapping processes. To quantitatively describe the 

transient behavior, the rising edge of the ΔOD curve (electron injection process) was 

fitted by a Gaussian function representing the instrument response, while the decay 

process was fitted using a second-order reaction model that accounts for bimolecular 

recombination37,38: 

[𝑒ି]  =  
[𝑒ି]଴

𝑘𝑡 × [𝑒ି]଴ + 1
+ 𝐶 
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where [𝑒ି] is the transient electron population at delay time 𝑡 (derived from ΔOD), 

[𝑒ି]଴ is the initial injected electron concentration (corresponding to ΔODmax), 𝑘 is 

the recombination rate constant, and 𝐶 is a constant background offset. 

The maximum transient signal (ΔODmax) corresponds to the maximum population of 

injected hot electrons, and can therefore be used to evaluate the efficiency of hot-

electron generation. The apparent quantum efficiency (AQE) for hot-electron injection 

from Au-NDs into TiO2 was calculated by: 

𝐴𝑄𝐸 =  
∆𝑂𝐷௠௔௫

𝑛 × 𝐴𝑏𝑠
 

where 𝑛  is the number of incident photons per unit area, and 𝐴𝑏𝑠  is the optical 

absorption of the ATA structure at the excitation wavelength. This parameter represents 

the fraction of absorbed photons that successfully produce detectable injected electrons, 

serving as an effective figure-of-merit for comparing different ATA configurations and 

correlating their optical coupling strength with carrier dynamics. 

3.2.2 Near-field distribution mapping 

PEEM was employed to visualize and compare the near-field distributions of the modal 

strong coupling ATA structures and the conventional LSPR-type AT structures. Since it 

is challenging to resolve the near-field pattern of periodic arrays, a series of Au-ND 

clusters with various particle numbers (PNs) were fabricated to serve as simplified 

models for near-field observation. These clusters provide a bridge between isolated 

nanoparticles and periodic arrays, allowing us to understand the evolution of field 

coupling with increasing PN. Each Au-ND cluster consisted of 80-nm-diameter Au-

NDs separated by an interparticle gap of 64 nm, identical to that of the periodic array 

corresponding to a PND of 56. The clusters were designed with point symmetry 

centered on the central Au-ND, and the number of surrounding Au-NDs was 

systematically varied, forming structures with 1 (PN = 1) up to 6 (PN = 91) concentric 

layers.  

In the PEEM system, a Ti:sapphire femtosecond laser delivering pulses of 

approximately 100 fs duration and a tunable central wavelength range from 690 to 970 

nm was used as the excitation source. The excitation beam was circularly polarized 
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using a quarter-wave (λ/4) plate to ensure isotropic excitation of plasmonic modes, and 

the incident laser power was set to 164 mW. During operation, a negative bias of –20 

kV was applied to the sample stage to accelerate the photoemitted electrons, and the 

nonlinear coefficient was ~3.84. The emitted electrons were amplified by a 

microchannel plate (MCP) under an applied voltage of ~1.55 kV to enhance the signal 

intensity and then projected onto a phosphor screen for imaging. The PEEM 

measurements were conducted under a field of view (FOV) of approximately 2.5 m 

in diameter, with 0.5 s exposure time per frame, and the images were accumulated 32 

times to improve the signal-to-noise (S/N) ratio. The resulting PEEM images represent 

the spatial distribution of PE intensity, which directly reflects the near-field 

enhancement and localization associated with the modes of the structures. The acquired 

PEEM images were quantitatively analyzed using ImageJ software. The experimental 

results were then compared with finite element method (FEM) simulations performed 

in collaboration with the Sasaki group. By systematically comparing the PE maps of 

ATA and AT structures, as well as clusters with increasing PN and the corresponding 

simulation results, the evolution of near-field coupling behavior and the emergence of 

quantum coherence within the system can be comprehensively elucidated. 

3.2.3 PEC performance evaluation 

The PEC properties of the modal strong coupling ATA structures and the conventional 

LSPR-type AT structures were systematically evaluated by IPCE measurements using 

a standard three-electrode configuration. All samples used in this measurement were 

using large-area Au-NDs arrays inlaid with a 7-nm- TiO2 layer deposited by ALD, 

identical to the samples used in TAS experiments, to ensure a consistent interface 

quality and reproducibility of hot-electron injection. The backside and sidewalls of the 

substrate were coated with an In/Ga alloy (weight ratio 2:1) and affixed to a sealed 

Teflon cell using silver paste. Only a circular aperture of 1 cm in diameter was exposed 

to the electrolyte and illuminated during measurement. 

In the PEC setup, the ATA or AT structure served as the working electrode, a SCE was 

employed as the reference electrode, and a Pt wire functioned as the counter electrode. 
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These electrodes were connected through an electrochemical analyzer system (ALS/CH 

Instruments 852C, ALS Co. Ltd.) to control and monitor the applied bias and current 

response. The electrolyte consisted of a 0.1 mol·dm-3 aqueous KOH solution containing 

1 vol% triethanolamine (TEOA), which acted as a sacrificial electron donor to 

efficiently scavenge photogenerated holes and promote unidirectional single-electron 

transfer reactions at the photoelectrode surface39. This electrolyte composition is known 

to suppress charge recombination and thus accurately reflect the photoinduced electron 

injection efficiency. A constant potential of +0.6 V vs. SCE was applied to the working 

electrode during the measurements to ensure sufficient driving force for electron 

extraction from the semiconductor conduction band. The photocurrent response was 

determined by measuring the difference between the current densities recorded under 

light illumination and in the dark condition, effectively eliminating background 

contributions from non-photoactive processes. 

The light source was a broadband halogen lamp, providing continuous spectral 

illumination across the UV to NIR regions. To obtain wavelength-dependent IPCE 

spectra, a series of bandpass optical filters (bandwidth < 15 nm) were used to select 

specific excitation wavelengths. The photon flux at each wavelength was carefully 

calibrated using a power meter to ensure accurate conversion from light intensity to 

photon number. The measured photocurrent density at each wavelength was then used 

to calculate IPCE. By comparing the IPCE spectra of the ATA and AT structures, the 

influence of modal strong coupling on hot-electron generation, transport, and collection 

efficiencies can be directly evaluated. Particularly, enhancement trends at resonance 

wavelengths reflect the effect of quantum coherence in optical absorption, carrier 

dynamics, and interfacial charge transfer pathways. 

3.3 Results and discussions 

3.3.1 AQE evaluation 

Large-area Au-ND arrays with various PND were fabricated for both ATA and AT 

configurations, and subsequently coated with a 7-nm TiO2 layer. These samples were 

subjected to TAS measurements to evaluate their hot-electron generation and injection 
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efficiencies, quantitatively expressed by the AQE. For the ATA structures, due to the 

formation of upper and lower branches under modal strong coupling, two distinct 

excitation conditions were applied: one excited at the upper branch and another at the 

lower branch. In contrast, the AT structures were excited only once at their LSPR 

resonance wavelength, as they exhibit a single plasmonic absorption band. To avoid 

possible sample degradation under high-energy illumination, the pump power for the 

upper-branch excitation (0.6 mW) was set slightly lower than that for the lower-branch 

excitation of ATA structures and LSPR excitation of AT structures (1.0 mW). 

Figure 3.4(a–c) shows the transient ΔOD time profiles obtained from the ATA and AT 

structures with varying PND. A clear trend can be observed: for both types of structures, 

the ΔODmax increases with increasing PND, indicating a greater number of injected hot 

electrons. This increase is, however, more pronounced in the ATA systems compared 

with their AT counterparts. Particularly, at high PND values, the ΔODmax of ATA 

structures was nearly twice that of the AT structures, implying a substantial 

enhancement in hot-electron generation or transfer efficiency enabled by modal strong 

coupling.  

To eliminate the influence of absorption difference among the samples, the AQE was 

calculated, and the resulting AQE values are plotted in Figure 3.4(d). For the AT 

structures, the AQE remains nearly constant across different PNDs, reflecting the 

localized and non-interacting nature of their plasmonic resonances. In sharp contrast, 

Figure 3.4 Time profiles of the transient absorption measurements performed at (a) the upper 

branch of ATA, (b) the lower branch of ATA, and (c) the LSPR band of AT for various PND. 

(d)AQE as a function of the PND. 
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the ATA structures exhibit a distinct increase in AQE with rising PND, particularly 

when PND > 45, for both upper- and lower-branch excitations. This monotonic 

enhancement demonstrates that modal strong coupling promotes more efficient 

photoinduced carrier processes as the PND increases. It is worth emphasizing that this 

AQE enhancement cannot be attributed solely to stronger near-field intensity, since the 

integral near-field peak areas of ATA structures was found to saturate with increasing 

PND (as shown in Chapter 2). This observation implies that the improvement in AQE 

arises from collective coupling effects unique to the modal strong coupling regime, 

which effectively increase the hot-electron generation and injection probabilities 

beyond the limits of conventional LSPR systems.  

3.3.2 Near-field distribution mapping 

To further elucidate the spatial near-field characteristics associated with the modal 

strong coupling in the ATA systems, PEEM was performed on Au-ND clusters with 

various PN. In these samples, the Au-NDs were not inlaid in TiO2 to avoid weakening 

the PE signal, which primarily originates from the interfacial edges between the Au-

NDs and the TiO2 layer. This design allows the intrinsic optical near-field behavior to 

be directly visualized. The obtained PE spectra are presented in Figure 3.5. Although 

no distinct energy splitting was observed in the PE band of ATA clusters—likely due to 

the large intercluster gap and low surface coverage of the entire area—the ATA clusters 

exhibit significantly broader PE bandwidths and markedly stronger emission intensities 

Figure 3.5 PE spectra of (a) ATA and (b) AT structures 
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compared to their AT counterparts. This spectral broadening and intensity enhancement 

indicate the coupling between LSPR and FP nanocavity modes and enhanced local field 

confinement within the ATA clusters.  

Representative SEM images are shown in Figure 3.6(a). In Figure 3.6(b,d), which 

display the PE intensity mappings of ATA and AT clusters respectively, notable 

differences in spatial distribution can be observed. For the ATA clusters, the PE intensity 

is highly localized at the rim regions of the clusters, while the central areas remain 

relatively dark, particularly for clusters with higher PNs. In contrast, the AT clusters 

exhibit a more uniform PE distribution across the entire cluster, suggesting 

conventional dipole-dipole near-field coupling behavior. To provide a theoretical 

reference, FEM simulations of the near-field distributions were conducted by Sasaki 

group (Figures 3.6(c,e)). The simulated near-field patterns reproduce the experimental 

tendencies remarkably well: enhanced local fields at the edge and suppressed central 

field amplitudes in ATA clusters, in contrast to the homogeneous field profiles observed 

in AT clusters. This consistency between PEEM observations and numerical 

simulations validates that the PE intensities indeed reflect the real-space near-field 

Figure 3.6 (a) SEM images of ATA structures with PNs of 7, 19, and 37 (from top to bottom). 

(b) Corresponding PE distribution images and (c) simulated near-field distributions (all Au-NDs 

in the cluster irradiated) obtained by FEM. (d) PE distribution images of AT structures with the 

corresponding PNs, and (e) their simulated near-field distributions under full-cluster irradiation. 
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distributions.  

A quantitative analysis of the layer-resolved PE intensity for each cluster is summarized 

in Figure 3.7, which clearly reveals that the outer layers of ATA clusters contribute 

disproportionately to the overall emission intensity as the PN increases. This spatial 

asymmetry of field localization becomes more pronounced with larger cluster size, 

indicating a progressive modification of the collective optical response under modal 

strong coupling. The unique near-field pattern observed exclusively in the ATA 

structures strongly suggests that interparticle interactions within the coupled cavity 

cannot be explained merely by conventional dipole-dipole coupling or local field 

enhancement effects. Instead, the results imply the presence of a cooperative, 

coherence-driven energy redistribution mechanism among the Au-NDs mediated by the 

photonic mode of the FP nanocavity. Combining the insights from the TAS and AQE 

results in Section 3.3.1 and the near-field mapping presented here, we can conclude 

that the enhanced photoresponse and spatially structured field distributions in the ATA 

systems stem from a quantum-coherence-assisted energy transfer process. This 

mechanism enables the delocalization and phase correlation of excitations across 

multiple nanoparticles, facilitating efficient energy exchange beyond the scope of 

classical plasmonic interactions. The detailed theoretical formulation and discussion of 

this mechanism will be developed in the following section.  

Figure 3.7 Normalized PE intensity of each layer of the Au-ND clusters of                     

(a) ATA and (B) AT structures. 
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3.3.3 Quantum coherence in modal strong coupling ATA 

When comparing the modal strong coupling ATA structures and the LSPR-only AT 

structures, the key distinction lies in the interaction channels available to the Au-NDs. 

In both ATA and AT, neighboring Au-NDs can interact through conventional dipole-

dipole near-field coupling, characterized by the coupling strength 𝑔ଶ (Figure 3.8(a)). 

However, only in the ATA structures, where Au-NDs are placed on a FP nanocavity, an 

additional interaction channel 𝑔ଵ arises due to coupling between the LSPR mode and 

the FP cavity mode. This additional term 𝑔ଵ not only modifies the optical mode 

landscape but also establishes a phase correlation among the Au-NDs mediated by the 

cavity field. Because the FP nanocavity mode sustains a standing wave with a uniform 

phase distribution, all Au-NDs coupled to the cavity mode are driven in phase. This 

phase synchronization effectively induces spatial quantum coherence among Au-NDs 

within a finite region, defined as the coherence area. Within this area, the Au-NDs are 

no longer independent units but instead form a collective hybrid quantum state that 

coherently exchanges energy via the shared cavity mode. In other words, under modal 

strong coupling, the Au-NDs and the FP cavity field must be treated as a single 

inseparable quantum entity. Such collective coherence enables a new interaction 

channel among Au-NDs, mediated through the FP nanocavity—denoted as 𝑔ଶ
ᇱ—in 

addition to the direct dipole-dipole coupling 𝑔ଶ (Figure 3.8(b)). The effective 

Hamiltonian of this system thus includes both local (LSPR-LSPR) and nonlocal (LSPR-

cavity-LSPR) coupling terms, resulting in delocalized optical excitation that allows 

energy transfer and redistribution across the coherence area. This mechanism bears 

strong analogy to the quantum-coherence-assisted energy migration observed in natural 

photosynthetic complexes, where coherence among chromophores facilitates efficient 

excitation energy transfer toward reaction centers40-43. 

Summarizing this concept, the FP nanocavity assists the formation of quantum 

coherence among Au-NDs within each coherence area, allowing them to share 
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excitation energy collectively. In an ideal, perfectly periodic ATA array, all Au-NDs 

would possess identical optical and relaxation characteristics, so energy sharing alone 

would not directly improve the efficiency of hot-electron injection. However, in real 

experimental samples, structural inhomogeneities and fabrication imperfections 

inevitably introduce slight variations among the Au-NDs—such as differences in 

geometry, crystalline orientation, or defect states. These variations lead to site-

dependent relaxation dynamics, where certain Au-NDs act as fast-damping sites, more 

efficient at converting plasmonic energy into hot electrons.  

According to the theoretical model assisted by Ishihara group, when quantum 

coherence is established within a cluster containing a certain portion of relatively-fast-

damping Au-NDs, excitation energy absorbed by any Au-ND within the coherence area 

can be redistributed to the more dissipative ones, enhancing the overall hot-electron 

injection efficiency. In contrast, in AT structures lacking coherence, each Au-ND 

behaves independently, and only those directly excited fast-damping sites contribute to 

injection. Consequently, quantum coherence in ATA allows the effective collection of 

excitations and their funneling into energetically favorable relaxation channels. This 

coherence-driven energy sharing provides a unified explanation for several 

experimentally observed phenomena: 

1. Saturation of integral absorption and near-field intensity: 

Because energy absorption in ATA occurs collectively over coherence areas rather than 

Figure 3.8 Schematic illustration of (a) the interparticle near-field interaction (𝑔ଶ) between the 

Au-NDs in AT, (b) the coherent coupling between Au-NDs and the FP cavity (𝑔ଵ ) and the   

cavity-mediated interaction between Au-NDs within coherence area (𝑔ଶ
ᇱ). 
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individual Au-NDs, the overall absorption becomes delocalized. Once coherence areas 

cover the entire surface, further increases in nanoparticle density (PND) do not increase 

total absorption, leading to the observed saturation behavior. 

2. Unique near-field patterns in PEEM: 

The 𝑔ଶ
ᇱ interaction mediated by the FP cavity introduces additional coupling modes 

that reshape the spatial field distribution, producing the rim-enhanced and center-dark 

PE patterns observed only in ATA clusters. Furthermore, FEM simulations, performed 

with assistance from the Sasaki group using localized excitation on only the central Au-

ND of the cluster (Figure 3.9), reveal distinct near-field behaviors. In the AT cluster, 

the strong near-field enhancement is confined to the excited central Au-ND, while the 

surrounding Au-NDs exhibit weak responses, primarily governed by dipole-dipole 

interaction 𝑔ଶ. In contrast, in the ATA cluster, pronounced excitation is observed across 

nearly all Au-NDs, arising from the cavity-mediated coupling 𝑔ଶ
ᇱ that reflects the 

presence of quantum coherence.  

3. Positive deviation from the square-root curve in the 𝐸௦௣௟-PND relation: 

Theoretical calculations performed assisted by Ishihara’s group incorporating the 𝑔ଶ
ᇱ 

term successfully reproduce the experimentally observed positive deviation from the 

simple square-root dependence of splitting energy on PND. In contrast, the model 

without 𝑔ଶ
ᇱ shows a purely square-root dependence, identical to the ensemble strong 

coupling regime. Therefore, this positive deviation provides strong evidence that the 

Figure 3.9 Simulated near-field distribution of (a) AT and (b) ATA clusters with only the central 

Au-ND excited. 
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nonlocal, cavity-mediated 𝑔ଶ
ᇱ  interaction—and consequently, the formation of 

quantum coherence—is responsible for the enhanced splitting energy and collective 

photoresponse in the ATA modal strong coupling system.  

4. Enhanced AQE with increasing PND: 

As PND increases, the coherence areas include more Au-NDs, statistically increasing 

the likelihood that efficient fast-damping sites are contained within each coherent 

domain (Figure 3.10). This boosts the probability of energy transfer to those sites, 

resulting in the experimentally observed monotonic increase in AQE with PND. In 

contrast, in the AT structures, although a higher PND also increases the total number of 

efficient fast-damping sites, each Au-ND absorbs light independently, and the 

excitation probability per particle remains constant. Consequently, the AQE, in which 

the absorption has been normalized, shows no dependence on PND.  

Next, I attempted to characterize the size of the coherence area. Although direct 

visualization of coherence areas is experimentally challenging, their effective size can 

be inferred from the splitting energy-PND relation discussed in Chapter 2. The 

equivalence between the splitting energy of a single isolated Au-ND and that of a 

periodic Au-NDs array with PND ≈ 5.8 (experiment) or PND ≈ 5.2 (simulation) 

suggests that the optical response of an individual Au-ND already corresponds to that 

of each Au-ND within these periodic structures. This suggests that the effective 

Figure 3.10 Schematic illustrations of the mechanism responsible for the enhancement of AQE. 

The red regions denote the coherence areas, while the blue-colored Au-NDs represent the 

efficient fast-damping sites. 
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interaction range of a single Au-ND is comparable to the coupling range within those 

arrays, thereby defining the size of the coherence area. By considering the interparticle 

distance, the coherence area can be estimated to correspond to a circular region with a 

diameter of approximately 460 nm in experimental data and 495 nm in simulation. 

3.3.4 PEC performance evaluation 

After identifying the presence and role of quantum coherence within the modal strong 

coupling ATA system, the PEC performance was further investigated to examine the 

practical impact of this effect. The IPCE was measured using large-area Au-ND arrays 

inlaid with a 7-nm TiO2 layer—similar to those used for TAS experiments. Figure 

3.11(a,b) presents the IPCE action spectra of ATA and AT structures with different 

PNDs, alongside their corresponding absorption spectra. Consistent with the TAS 

results, the IPCE intensity under upper-branch excitation of ATA and under the LSPR 

excitation of AT both show a positive correlation with PND. However, when excited at 

the lower branch of ATA, the IPCE peak becomes much less pronounced. This 

suppression is most likely attributed to the reduced photon energy at longer 

wavelengths, resulting in hot holes with insufficient oxidation potential to effectively 

drive the surface reaction.  

To quantitatively evaluate the photo-conversion performance, the IQEs of the upper-

branch excited ATA and the LSPR band excited AT were calculated by compensating 

for the optical absorption of each sample (Figure 3.11(c)). The IQE of ATA under 

upper-branch excitation is markedly higher than that of AT under LSPR excitation, and 

it increases with PND. In contrast, AT structures show little increment in IQE values 

with the increased PND. This enhancement of IQE in ATA can be directly linked to the 

quantum-coherence-assisted energy transfer mechanism discussed earlier. Within the 

coherence area formed by coupling between the FP nanocavity and the Au-NDs, hot 

carriers generated in any Au-ND can coherently redistribute energy among neighboring 

Au-NDs. Consequently, energy transfer to fast-damping Au-NDs—those with efficient 

hot-electron injection channels—is promoted, leading to a significant improvement in 

overall charge-separation efficiency. This coherence-mediated process effectively 
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broadens the spatial domain of light harvesting beyond individual nanoparticles.  

In summary, the PEC characterization confirms that the modal strong coupling system 

not only enhances the hot-electron injection efficiency—consistent with the TAS 

results—but also significantly boosts the overall PEC conversion efficiency. Although 

the overall performance is still limited due to surface damage of the TiO2 layer induced 

by the EBL fabrication process, the observed enhancement clearly demonstrates the 

effectiveness of the coupling strategy. This indicates that integrating quantum 

coherence via modal strong coupling offers a promising pathway toward next-

generation plasmonic photoelectrodes capable of driving highly efficient PEC 

processes, including solar-driven water splitting and artificial photosynthesis in the near 

future. 

3.4 Conclusions 

In this chapter, the modal strong coupling ATA was systematically investigated to 

elucidate its optical, photophysical, and PEC characteristics in comparison with the 

conventional LSPR-based AT. The transient absorption spectroscopy revealed that the 

AQE of ATA was significantly enhanced relative to AT, with a clear positive correlation 

between AQE and the PND. This trend could not be explained by simple near-field 

Figure 3.11 IPCE action spectra of (a) ATA and (b) AT structures. (c) Normalized IQE at the 

IPCE peak wavelength for both ATA and AT structures 
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enhancement, as the integrated field intensity of ATA was found to saturate with 

increasing PND. 

Near-field mapping by PEEM further unveiled distinctive spatial field distributions 

unique to ATA clusters, characterized by rim-dominated photoemission and field 

suppression at the cluster centers—features absent in the AT counterparts. These 

findings indicate that additional interactions beyond ordinary dipole-dipole coupling 

are operative in ATA under modal strong coupling. 

By integrating these experimental observations, the existence of quantum coherence 

within the ATA system was proposed. Under strong coupling with the FP nanocavity, 

Au-NDs within a coherence domain interact coherently through the cavity field 𝑔ଵ, 

establishing a secondary coupling channel 𝑔ଶ
ᇱ  in addition to direct dipole-dipole 

coupling 𝑔ଶ . This coherence-assisted interaction allows collective energy sharing 

among Au-NDs in the same coherence area, effectively delocalizing the photonic 

excitation across multiple nanoparticles. The coherence mechanism accounts for 

several experimental phenomena: 

(1) enhancement and PND-dependence of AQE, 

(2) characteristic near-field patterns observed by PEEM, 

(3) saturation behavior of optical absorption and near-field intensity, and 

(4) positive deviation of splitting energy from the ideal square-root dependence on PND 

discussed in Chapter 2. 

From the comparison between isolated single Au-ND and low-PND arrays, the 

coherence area was estimated to have a circular domain with a diameter of 

approximately 460-495 nm, based on both experimental and simulated results. 

Furthermore, PEC measurements confirmed that the modal strong coupling not only 

enhances the hot-electron injection efficiency, but also substantially improves the IQE 

under upper-branch excitation. The IQE exhibited a strong positive dependence on PND, 

corroborating the crucial role of quantum coherence in facilitating efficient energy and 

charge transfer through cavity-mediated coupling. 

Overall, these findings establish quantum coherence as a fundamental mechanism 

underlying the superior optical and PEC properties of modal strong coupling systems. 
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This discovery not only deepens our understanding of light-matter interactions in 

hybrid plasmonic-photonic nanostructures, but also provides valuable insights for the 

rational design of next-generation photoelectrodes. Leveraging coherence-assisted 

energy transfer could open new pathways toward highly efficient PEC processes and 

artificial photosynthesis driven by visible and near-infrared light. 
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Chapter 4 

Dephasing effect on AQE in the modal strong coupling ATA 

4.1 Introduction 

In the previous chapter, quantum coherence was identified as a key factor governing 

the enhancement of AQE in the modal strong coupling ATA system. Within the 

coherence area, multiple Au-NDs can coherently exchange and redistribute optical 

energy through the FP nanocavity. When the included Au-NDs in the coherence area 

act as relatively fast-damping efficient sites, the collective energy can be funneled 

toward these sites, leading to more efficient hot-electron injection into the TiO2 layer. 

This mechanism suggests that the damping behavior of individual Au-NDs plays a 

decisive role in determining the overall performance of the coherence area. Since the 

damping of LSPR is intrinsically linked to its dephasing time, any modification in 

dephasing behavior should directly influence the degree of quantum coherence 

sustained within the system. 

In this chapter, we focus on elucidating the dephasing effect on quantum coherence in 

the ATA modal strong coupling system. To achieve this, faster-dephasing nanostructures 

are deliberately introduced as model systems, enabling a systematic investigation of 

how increased plasmon dephasing affects the collective optical response, hot-electron 

dynamics, and coherence-related enhancement mechanisms. Through both 

experimental observation and theoretical calculation, we aim to clarify how coherence 

collapses or persists under different dephasing conditions, thereby deepening the 

understanding of coherence-assisted processes in the modal strong coupling systems. 

4.1.1 Coherence and dephasing in coupled nanophotonic systems 

In the previous chapter, the role of quantum coherence was identified as a key factor 

governing the unconventional optical responses and PEC efficiencies observed in the 

ATA modal strong coupling systems. To further deepen the understanding of this 

phenomenon, this chapter begins by introducing the fundamental concepts of coherence. 

Quantum coherence represents the phase correlation between different quantum states 
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or oscillating dipoles1, and serves as the fundamental element that distinguishes 

coherent light-matter interactions from classical, incoherent processes. In strong-

coupled nanophotonic systems, such as the ATA structure, coherence manifests through 

the synchronized oscillation of electromagnetic fields and collective electron motion 

across multiple resonant components. This phase-locked oscillation allows the system 

to behave as a unified hybrid mode rather than as separate plasmonic or photonic 

entities, giving rise to phenomena such as mode splitting, Rabi oscillation, and energy 

delocalization across spatially separated nanostructures. 

From a temporal perspective, coherence can be understood as the persistence of a well-

defined phase relationship between oscillating dipoles or quantum states over time. Its 

lifetime—often characterized by the dephasing time ()—determines how long the 

system retains its wave-like nature before random scattering events, electron-phonon 

interactions, or inhomogeneous broadening destroy the phase alignment2-4. A longer 

coherence time implies that the system can maintain collective oscillation for more 

optical cycles, enabling quantum interference and energy exchange to occur coherently 

between modes. Conversely, rapid dephasing causes the hybrid system to revert to a 

classical regime, where the oscillators act independently and energy transfer proceeds 

incoherently5. 

In contrast, from a spatial viewpoint, coherence reflects how consistently the oscillation 

phase is maintained across different regions of the coupled system6,7. For example, in 

the ATA geometry, spatial coherence (coherence area) governs whether the LSPR 

modes of individual nanostructures can oscillate in-phase and collectively couple to the 

FP nanocavity mode. When the coherence length exceeds the interparticle separation, 

constructive interference reinforces the hybrid field distribution, producing delocalized 

polaritonic modes. However, when dephasing mechanisms shorten the coherence 

length to below this spatial scale, phase randomness emerges, leading to localization of 

energy and a breakdown of collective mode formation. 

The interplay between temporal and spatial coherence thus lies at the heart of the 

system’s optical behavior. Dephasing acts as the primary process that disrupts these 

coherent correlations, progressively converting the system’s dynamics from a quantum-
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coherent to an incoherent regime. Therefore, understanding and controlling dephasing 

is essential for determining whether quantum coherence can survive within practical 

plasmonic-photonic hybrid systems. In the following section, we focus on dephasing 

time manipulation, introducing model nanostructures with tunable damping rates to 

experimentally and theoretically probe how increasing dephasing influences coherence 

persistence and the resulting optical performance and hot carrier transfer behavior. 

4.1.2 Dephasing time manipulation 

To investigate the influence of dephasing on quantum coherence in the modal strong 

coupling ATA system, it is essential to introduce nanostructures with relatively faster 

dephasing times while maintaining a comparable resonance wavelength to the periodic 

Au-ND arrays. Several strategies have been reported to tune the plasmonic dephasing 

time of metallic nanostructures. These include substituting the metallic material (e.g., 

replacing Au with Ag, Al, Cu, or even alloy)8, modifying the adhesion or spacer layer 

thickness to alter energy dissipation at the metal-substrate interface9,10, changing the 

dielectric environment surrounding the nanostructure11, introducing surface roughness 

or grain boundaries12, and reshaping the nanostructure geometry to modify its local 

field confinement and radiative damping characteristics13. Among these approaches, 

tailoring the shape of the nanostructure is the most straightforward and compatible 

method for the ATA system, as it can be readily achieved through a single-step EBL 

process without complex multilayer alignment. The structural dependence of dephasing 

time thus becomes a key parameter. 

Previous studies have revealed that the plasmon dephasing time is strongly affected by 

several structural factors, including the aspect ratio14, surface curvature15, sharpness of 

edges or tips16, particle size17, and interparticle coupling strength18. In particular, 

nanostructures featuring sharp tips or low-coordination site, exhibit substantially 

shorter dephasing times than those with smooth and symmetric geometries (e.g., disks 

or spheres)19,20. This is attributed to enhanced nonradiative damping and electron-

surface scattering at high-curvature regions, leading to faster plasmon relaxation and 

broader linewidths in the optical spectra. In the following sections, I incorporated 
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nanotriangle structures as the faster-dephasing sites into the ATA system to examine 

how plasmon dephasing affects the coherence-mediated mechanisms discussed in the 

previous chapter. 

4.2 Experimental details 

4.2.1 Sample fabrication  

The fabrication procedure followed a similar process to that described in Chapter 2, 

with several modifications as detailed below. 

A bottom Au mirror and a TiO2 layer were sequentially deposited on a clean SiO2 

substrate to form the FP nanocavity. In this work, the resonance wavelength of the FP 

cavity mode was tuned to approximately ~775 nm by adjusting the TiO2 thickness to 

~210 nm. During the EBL process, special care was taken to realize nanostructures with 

sharp tips. A thinner layer of positive photoresist (ZEP-520A, Zeon Chemicals; diluted 

with anisole at a 1:2 ratio) was spin-coated onto the TiO2 surface at 300 rpm for 5 s 

followed by 2500 rpm for 60 s, resulting in a resist thickness of about 110 nm. To 

minimize charging effects on the resist surface—which can lead to pattern rounding—

an additional conductive coating (e-spacer Z) was spin-coated at 300 rpm for 5 s and 

3000 rpm for 60 s after the soft-bake step. 

For the nanostructure design, larger structures were intentionally selected to ensure high 

tip sharpness of the Au nanotriangles (Au-NTs). The Au-NDs were designed with a 

diameter of 120 nm, and the inscribed circle diameter of the Au-NTs was also set to 120 

nm to maintain an identical interparticle gap (60 nm) within the array. During EBL 

exposure, an additional electron dose was locally applied to the tips of the Au-NTs to 

further enhance their tip definition and minimize edge rounding. After exposure, the 

substrates were developed in ZED-N50 developer for 4 minutes, followed by rinsing in 

ZMD-B solution for 1 minute to terminate the reaction and stabilize the developed 

pattern. The substrates were then left to air dry. Finally, arrays composed of both Au-

NDs and Au-NTs were fabricated with varying ratios of the two components to 

systematically control the dephasing characteristics. The percentage of triangles (PoT) 

in each array was varied from 0% (pure Au-ND array) to 100% (pure Au-NT array). 
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The resulting mixed arrays are hereafter referred to as Au-ND-NT mixed structures 

(Au-NDTms). 

4.2.2 Optical properties and AQE characterization  

The methods used for optical characterization and surface morphology analysis were 

generally identical to those described in Chapter 2, with several modifications specific 

to the Au-NDTms. For the optical spectrum measurements, in addition to the spectra 

measured by PMA, spectra with wavelengths longer than 955 nm were additionally 

obtained using Fourier-transform infrared spectroscopy (FTIR; FT/IR-6000TM-M, 

JASCO Inc.). This supplementary measurement enabled continuous spectral coverage 

across the entire plasmonic resonance region of the modal strong coupling structures. 

The transient absorption spectroscopy (TAS) measurements were also performed 

following the procedure introduced in Chapter 3, with minor adjustments. Specifically, 

the probe beam wavelength was set to 2500 nm to achieve a stronger signal intensity. 

In this wavelength region, no distinct absorption features of the Au-NDTms were 

observed, thus eliminating the risk of spectral overlap or interference with the transient 

signals. The absence of intrinsic absorption ensured that the observed dynamics 

originated solely from the plasmon-induced processes rather than background optical 

artifacts. The obtained optical and transient responses were subsequently correlated 

with the AQE measurements to evaluate how the introduction of faster-dephasing 

nanostructures (Au-NTs) influences the overall hot electron transfer processes under 

modal strong coupling conditions. 

4.3 Results and discussions 

4.3.1 FDTD simulation of dephasing times 

To confirm that the Au-NTs indeed exhibit faster dephasing dynamics than the Au-NDs, 

FDTD simulations were performed. The simulated models were based on the AT 

structures, each containing a single Au-ND or Au-NT placed on the TiO2 layer. In the 

simulations, a plane-wave light truncated at a specific time was used as the excitation 

source to trigger LSPR. The computational domain was set as a 5-μm square region 

surrounded by perfectly matched layer (PML) boundary conditions21 to eliminate 
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artificial reflections. A time monitor was positioned 10 nm away from the edge of the 

Au-ND and the tip of the Au-NT, respectively, and 1 nm above the TiO2 surface, 

allowing accurate tracking of the electric-field decay behavior.  

The simulated temporal profiles of the dominant electric field component are shown in 

Figure 4.1, where the decay of the electric field amplitude was fitted using a single-

exponential dephasing model22: 

𝐴ாி = 𝐴 ×  𝑒
ି(௧ି௧బ)

ఛ  

where 𝐴ாி  represents the instantaneous electric field amplitude, 𝐴 is the normalized 

maximum amplitude (set to 1), 𝑡  is the time delay, 𝑡଴ is the cutoff point of the 

incident pulse (set to 0), and 𝜏  denotes the dephasing time. From the fitted decay 

curves, the extracted dephasing time 𝜏 for Au-NTs was found to be approximately 10% 

shorter than that of Au-NDs, confirming that the sharper tips of Au-NTs indeed 

accelerate plasmon damping. This result aligns well with previous theoretical 

predictions that the concentration of electric fields at sharp vertices enhances 

nonradiative decay such as Landau damping, thereby shortening the overall dephasing 

time. 

4.3.2 Surface morphology of the Au-NDTms 

With the dephasing dynamics of individual nanostructures confirmed by FDTD 

simulation, Au-NDTms with various PoT were fabricated to experimentally explore 

Figure 4.1 Simulated dephasing time profiles and extracted dephasing times obtained by FDTD 

simulations for (a) individual Au-ND and (b) individual Au-NT loaded AT structures. 
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their collective behavior. Each structure was designed with an individual nanoparticle 

diameter of 120 nm and an interparticle distance of 60 nm, corresponding to a PND of 

36 and a surface coverage of approximately 40%. Representative SEM images of the 

fabricated Au-NDTms with three distinct PoTs are presented in Figure 4.2. As observed, 

the overall array periodicity and uniformity were well maintained across all PoTs, 

demonstrating the high reproducibility of the EBL process. The sharp tips of the Au-

NTs are clearly visible, confirming the successful fabrication of tip-defined 

nanotriangles as designed. The proportion of Au-NTs within each array exactly matches 

the target PoT values, ensuring accurate structural control for subsequent optical and 

transient absorption measurements. 

Notably, no significant aggregation or deformation of the triangular tips was detected, 

indicating that the optimized lithography parameters—especially the additional edge 

exposure dose and the thinner photoresist—were effective in preserving nanoscale tip 

sharpness. These structural characteristics are essential for realizing the desired faster 

dephasing and enhanced nonradiative damping, which are expected to play key roles in 

modulating quantum coherence within the modal strong coupling system. 

Figure 4.2 SEM images of Au-NDTms with PoTs of (a) 6%, (b) 11%, and (c) 25%. 
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4.3.3 spectral properties of the Au-NDTms 

Figure 4.3 presents the absorption spectra of the Au-NDTms, together with their 

corresponding PE spectra acquired by PEEM. From the absorption spectra, all Au-

NDTms exhibit distinct energy splitting, confirming that the systems remain in the 

modal strong coupling regime even after the incorporation of fast-dephasing Au-NTs. 

Notably, as the PoT increases, the splitting energy gradually decreases, while the 

spectral bandwidth becomes broader. The corresponding dispersion curves are 

summarized in Figure 4.4, which clearly illustrate this reduction in mode separation 

and the concomitant broadening of the hybrid modes. This systematic trend can be 

attributed to the introduction of fast-dephasing Au-NTs, whose sharper tips induce 

stronger nonradiative damping and more efficient nonradiative decay channels. These 

processes effectively shorten the plasmonic coherence time, thereby reducing the 

coupling strength ( 𝑔ଵ ) between the plasmonic array and the FP nanocavity, and 

simultaneously broadening the resonance linewidth in accordance with the definition 

of the total damping rate.  

On the other hand, the PE spectra also exhibit clear energy splitting, and the intensity 

of the lower branch is consistently stronger than that of the upper branch. Moreover, 

the overall PE intensity increases with increasing PoT, suggesting that the incorporation 

Figure 4.3 Absorption spectra (green, right Y-axis) and PE spectra (black, left Y-axis) for Au-

NDTms with PoT of (a) 0%, (b) 4%, (c) 6%, (d) 11%, (e) 25%, (f) 50%, and (g) 100%.     

Note: the Pe intensity scale in (g) differs from those in the other panels. 
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of Au-NTs enhances the local near-field concentration and consequently the PE yield. 

When compared with the simulated near-field spectra shown in Figure 4.5, the 

experimentally observed enhancement in PE intensity is found to be much larger than 

expected from the total near-field amplitude alone. This discrepancy can be attributed 

to the strong field localization at the sharp tips of the Au-NTs. Because PE is a highly 

nonlinear process, scaling approximately with the third to fourth power of the near-field 

field amplitude (|E|6-8), even a moderate concentration of near-field energy at the 

nanotriangle vertices can lead to a disproportionately large increase in PE intensity. 

Figure 4.5 Simulated (a) near-field and (b) absorption spectra of Au-NDTms with various   

PoT values, obtained using FDTD simulations. 

Figure 4.4 Dispersion curves of the Au-NDTms with PoT of (a) 0%, (b) 6%, (c) 11%, (d) 25%, 

(e) 50%, and (f) 100%. 
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With the optical properties characterized, I will next proceed to evaluate the AQE of 

the Au-NDTms while systematically tuning the PoT.  

4.3.4 PoT dependence on AQE 

The TAS measurements were carried out to evaluate the photoexcited carrier dynamics 

of the Au-NDTms with different PoT. Representative transient decay profiles under 

lower-branch and upper-branch excitations of the ATA structures are presented in 

Figure 4.6(a,b), together with the reference AT structure excited at its LSPR band 

(Figure 4.6(c)). For all measurements, the pump power was fixed at 0.5 mW to ensure 

an adequate S/N ratio while avoiding photo-damage to the nanostructures. From the 

transient curves, distinct PoT-dependent trends are observed between the ATA and AT 

systems. In the AT structures, the ODmax exhibits a monotonic increase with PoT, 

reflecting the stronger local field enhancement at the tips of Au-NTs. In contrast, the 

ATA structures display branch-dependent and nonmonotonic ODmax dependences, 

suggesting the involvement of additional, coherence-related processes. 

To quantify these differences, the AQEs of all samples were extracted from the transient 

signals and plotted as a function of PoT, as shown in Figure 4.6(d). Several noteworthy 

behaviors emerge: under the LSPR excitation of AT structures, the AQEs remain nearly 

constant across all PoTs, indicating that although Au-NTs generate stronger local near-

fields at their tips, these enhancements are already accounted for in the absorption 

Figure 4.6 Transient absorption time profiles of (a) ATA pumped at the lower branch,        

(b) ATA pumped at the upper branch, and (c) AT pumped at the LSPR band. (d) AQE as a function 

of PoT, where all the values are normalized to the minimal AQE. 
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process and do not lead to higher carrier injection efficiency. This could be expected 

that in the absence of modal coherence, energy dissipation remains localized and 

incoherent. 

On the other hand, under the lower-branch excitation of ATA structures, AQE initially 

increases for ~1.5 times with PoT and reaches a maximum around PoT ≈ 11%. When 

PoT further increases, AQE gradually decreases and eventually saturates at a level 

slightly higher than the original (PoT = 0%) value. This trend suggests the presence of 

competing mechanisms under lower-branch excitation, leading to the observed 

nonmonotonic dependence of AQE on PoT. In contrast, under the upper-branch 

excitation of ATA structures, AQE decreases almost monotonically with increasing PoT. 

This branch-dependent asymmetric AQE behavior is intriguing and unconventional 

warrants further investigation to elucidate the underlying mechanism of quantum 

coherence and the dephasing effect in the modal strong coupling system.  

4.4 Conclusions 

Au-NDTms structures incorporating relatively fast-dephasing Au-NTs within an Au-

NDs array were successfully fabricated. Both the far-field absorption and near-field 

spectral measurements revealed clear energy splitting, confirming the realization of 

modal strong coupling. As the PoT increased, the coupling strength gradually decreased, 

accompanied by a broadening of the upper and lower branches. Notably, the AQE 

exhibited asymmetric, branch-dependent variations with PoT, which may arise from the 

interplay between quantum coherence and dephasing dynamics. These results indicate 

that the quantum coherence could play an important role in governing the hot-electron 

transfer efficiency under modal strong coupling. The possible mechanisms underlying 

this coherence-mediated behavior will be further explored in the next chapter. 
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Chapter 5 

Quantum coherence-mediated asymmetric hot carrier transfer in 

modal strong coupling systems 

5.1 Introduction 

In the previous chapter, Au-NDTms with tunable dephasing properties were 

successfully fabricated, and their optical responses were comprehensively 

characterized. Notably, asymmetric, branch-dependent AQE behaviors as a function of 

PoT were experimentally observed, suggesting that the efficiency of hot-carrier 

generation and transfer is influenced by factors beyond conventional light-matter 

coupling strength. 

To elucidate the origin of these asymmetric features, this chapter focuses on the detailed 

investigation of the near-field distributions and the dephasing dynamics of Au-NDTms 

under lower and upper branch excitations. Through a combination of near-field 

simulations and experimental analyses, the interplay between quantum coherence, 

dephasing, and hot-carrier transfer is examined. Based on these results, a new 

mechanism of quantum coherence-mediated hot-carrier transfer is proposed, providing 

a coherent explanation for the observed asymmetric AQE behavior and offering new 

insight into the role of quantum coherence in modal strong coupling systems.  

5.1.1 Natural photosynthesis and functional division of light-

harvesting complexes  

In chapter 3, I drew comparisons between the artificial modal strong coupling systems 

and natural photosynthesis, highlighting how coherence can govern energy transfer 

pathways. Building upon these insights, this chapter takes the comparison with natural 

photosynthesis from a qualitative analogy to a more concrete, function-level analysis. 

Therefore, I begin with a brief introduction of natural photosynthetic systems to 

establish the biological context for subsequent discussion. In nature, photosynthesis 

represents one of the most sophisticated examples of efficient light energy conversion. 
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Within photosynthetic organisms, solar energy is captured, transferred, and converted 

into chemical energy through a precisely orchestrated sequence of photophysical and 

photochemical events. The process begins in the light-harvesting antenna complexes 

(LHCs), which consist of pigment-protein assemblies that absorb incident photons over 

a broad spectral range. The absorbed excitonic energy is then funneled, through a series 

of highly efficient energy transfer processes1, toward the reaction centers (RCs) — 

specialized molecular sites where charge separation and redox reactions occur, 

ultimately driving the conversion of light into chemical potential. 

The functional division between LHCs and RCs is one of nature’s most elegant design 

strategies. The antenna complexes act as optical “collectors,” maximizing photon 

capture and ensuring that even weak or scattered light can be harvested. In contrast, the 

reaction centers function as “energy converters,” where the localized excitons are 

rapidly separated into electrons and holes before recombination can occur. The success 

of this architecture arises not only from the structural arrangement but also from the 

presence of quantum coherence among the pigments, which allows excitons to migrate 

coherently across multiple sites within a few hundred femtoseconds before dephasing 

sets in2-4. This coherence-assisted energy migration ensures minimal energy loss and 

high transfer efficiency, with quantum yield approaching unity in some biological 

systems5-8.  

The discussion above underscores the critical role of dephasing in determining how 

excitations propagate and how efficiently energy can be utilized within a system. In 

plasmonic and modal strong coupling structures, dephasing similarly governs the 

temporal and spatial coherence of collective excitations, directly influencing the 

efficiency of hot-carrier generation and transfer. To rigorously investigate these effects, 

it is therefore essential to experimentally measure the dephasing times of the 

nanostructures, providing quantitative insight into how coherence evolves and 

dissipates under different structural and excitation conditions. 

5.1.2 Dephasing time characterization 

Experimental characterization of dephasing time poses an additional challenge 
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compared with the optical analyses, TAS measurements and PEC performance 

evaluations presented in the previous chapters. To date, various approaches have been 

employed to estimate the dephasing dynamics of plasmonic objects. The most common 

method involves evaluating the linewidth or full-width at half-maximum of a single-

mode spectral peak obtained from extinction or scattering spectra, and relating it to the 

damping constant through Fourier-transform relations9-11. Others, for example, time-

resolved pump-probe spectroscopy has been widely used to estimate coherence 

lifetimes from transient bleach recovery signals12,13, while interferometric scattering 

(iSCAT) and Fourier-transform spectral interferometry techniques have provided 

indirect estimations of the plasmonic coherence decay through phase-sensitive 

detection14,15. However, most of these approaches rely heavily on model-dependent 

analysis or indirect spectral inference, making it difficult to experimentally visualize 

the actual dephasing process in the time domain. 

In the past decade, PEEM has emerged as a powerful tool to directly observe plasmonic 

dephasing dynamics at the nanoscale. Unlike optical far-field measurements, PEEM 

enables real-space and time-resolved observation of PE signals induced by interfering 

ultrashort laser pulses16,17. In this technique, a pair of few-cycle pulses are used and 

temporally delayed with sub-femtosecond precision. When the delay time is an integer 

multiple of the optical wavelength (nλ), constructive interference occurs, resulting in 

strong PE intensity, whereas destructive interference appears at half-integer multiples 

(n+1/2)λ, leading to a significant suppression of the signal. By recording the PE 

intensity as a function of time delay, one obtains a temporal interference envelope, also 

known as the dephasing curve. This dephasing curve can then be analyzed using a 

damped harmonic oscillator model, allowing the extraction of the lifetime (or dephasing 

time) of the localized plasmonic mode. Through this approach, the ultrafast coherence 

decay can be directly measured in the time domain without relying solely on spectral 

approximations, thus providing a more reliable and experimentally grounded estimation 

of the dephasing characteristics of complex plasmonic systems. 
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5.2 Experimental details 

5.2.1 Dephasing time measurement  

The dephasing times of Au-NDTms with different PoTs were quantitatively determined 

in this experiment using PEEM. Besides, PE spectra measurements and spatial 

distribution mappings under a small FOV were also performed using PEEM, following 

the procedure described in Chapter 3. In dephasing time measurement, an ultrafast 

laser system with a central wavelength of approximately 830 nm and a spectral 

bandwidth exceeding 200 nm was employed as the excitation source. After transmission 

through all optical components—including a 4/ plate for generating circularly 

polarized light—the final pulse duration at the sample plane was optimized to ~7 fs, 

enabling delicate observation of the ultrafast dephasing dynamics (Figure 5.1)18,19. The 

total incident power was maintained at 70 mW, and the illuminated area was confined 

within a 30 μm-diameter FOV. The femtosecond pulses were divided into two 

temporally delayed replicas using a stabilized Mach-Zehnder interferometer, and the 

time delay between the two pulses was finely controlled in 0.104 μm steps. For each 

delay step, a PE image over the entire FOV was recorded. The integrated PE intensity 

as a function of delay time yielded the plasmon dephasing curve of the target structure, 

with four data points acquired per optical cycle to ensure temporal precision.  

The dephasing dynamics were modeled using a damped harmonic oscillator model20,21, 

expressed as: 

𝐸௟(𝑡)  ∝  න ෍
𝐴௝

𝜔௝
௝

(𝐾(𝑡ᇱ)𝑒ିఊೕ൫௧ି௧ᇲ൯sin [𝜔௝(𝑡 − 𝑡ᇱ)] 𝑑𝑡ᇱ
௧

ିஶ

 

where 𝐴௝ and 𝜔௝ are the oscillator strength and resonance frequency of the 𝑗 -th 

Figure 5.1 Schematic illustration of the dephasing time measurement using PEEM19. 
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mode, respectively, and 𝛾௝ = 1/2𝜏௜  is the damping constant corresponding to the 

dephasing time 𝜏௜. The driving term 𝐾(𝑡) represents the temporal interference of two 

time-delayed excitation pulses, defined as: 

𝐾(𝑡) =  𝐸଴(𝑡) + 𝐸଴(𝑡 + 𝑡ௗ) 

where 𝑡ௗ is the time delay between the two pulses, with the electric field envelope of 

a single pulse given by: 

𝐸଴(𝑡) =  sech[2 ln൫1 + √2൯𝑡/𝑇଴] cos(𝜔଴𝑡) 

where 𝑇଴ = 7 fs denotes the pulse duration and 𝜔଴ corresponds to the 830 nm central 

frequency. Since the PE process is inherently multiphotonic, the delay-dependent PE 

intensity 𝐼(𝑡ௗ) was calculated by integrating the nonlinear optical response over time: 

𝐼(𝑡ௗ) ∝  න |𝐸௟(𝑡)|ଶே 𝑑𝑡
ାஶ

ିஶ

 

where the nonlinear order 𝑁  was empirically determined from the PE intensity 

contrast at zero and infinite delay as: 

𝑁 =  logସ ቈ
2𝐼(0)

𝐼(∞)
቉ 

In the present Au-NDTm structures, two distinct plasmonic peaks were observed within 

the broad excitation bandwidth, corresponding to the lower and upper branches. To 

accurately model their temporal response, a two-component damped harmonic 

oscillator model was adopted, where the total plasmonic field was treated as the 

superposition of two temporally shifted oscillators. The resulting PE intensity was then 

computed based on the nonlinear power-law relation applied to the combined field22,23. 

This approach effectively captured the interference and coherence effects between the 

two strong coupling modes, enabling precise extraction of their respective dephasing 

times and providing insight into the branch-dependent coherence dynamics that govern 

hot-carrier transfer under modal strong coupling conditions. 

5.3 Results and discussions 

5.3.1 Branch-dependent near-field distribution patterns 

To gain physical insight into the origin of the asymmetric AQE behavior, FDTD 
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simulations were performed to examine the near-field distributions of the Au-NDTms 

under different excitation conditions. Since the near-field intensity is proportional to 

the square of the local electric field, the spatial near-field patterns can be directly 

inferred from the simulated electric-field amplitude maps24.  

Figure 5.2 presents the simulated field distributions of Au-NDTms with three 

representative PoTs under (a-c) lower-branch excitation, (d-f) upper-branch excitation, 

and (g-h) LSPR excitation of the AT structures. For reference, the AT structures exhibit 

the typical plasmonic behavior expected from isolated nanostructures: the near-fields 

are localized at the particle rims corresponding to their absorption modes, with Au-NTs 

showing significantly stronger enhancement at their sharp tips than along their linear 

edges due to the classic “lightning-rod effect”25. In contrast, the ATA structures under 

modal strong coupling reveal distinctly branch-dependent field distributions. Under 

lower-branch excitation, the overall near-field intensities are noticeably higher than 

those under upper-branch excitation. The field enhancements are more uniformly 

Figure 5.2 Simulated electric field distributions of ATA structures with PoT values of (a) 11%, 

(b) 25%, and (c) 50% under lower-branch excitation; (d)-(f) corresponding distributions under 

upper-branch excitation; and (g)-(h) those of AT structures with the same PoT values excited at 

the LSPR band. Note that for PoT = 11%, the displayed field map does not represent the exact 

simulation domain but is expanded to match the spatial scale of the other panels for visual 

comparison. The X and Y axes denote spatial coordinates (in nm), and the scale bar corresponds 

to 100 nm. 
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distributed across both Au-NDs and Au-NTs; and within this distribution, the Au-NTs 

still exhibit localized intensities at their sharp tips compared to their linear edges. Under 

upper-branch excitation, however, the spatial distribution drastically changes. The near-

field intensities around Au-NDs become significantly weaker, whereas the fields at the 

Au-NTs dominate the system. Notably, the field maxima now shift from the tips toward 

the linear edges of the triangles. This branch-dependent redistribution of field 

localization reflects the asymmetric participation of the constituent nanostructures in 

the hybrid mode formation.  

The experimental observations obtained by PEEM support the simulation results. As 

shown in Figure 5.3, PE maps of the ATA structures (recorded within a 2.5 m FOV) 

display similar branch-dependent contrasts. Under lower-branch excitation, the overall 

PE intensities are stronger, and the emission spots appear rather randomly distributed 

across both Au-NDs and Au-NTs. These slight spatial irregularities are likely attributed 

to structural imperfections introduced during fabrication; otherwise, the hot-spot 

Figure 5.3 PEEM images of ATA structures with PoTs of (a) 6%, (b) 11%, and (c) 25% under 

266 nm excitation, used to visualize all nanostructures. (d)-(f) Corresponding PEEM images 

acquired under upper-branch excitation, and (g)-(i) those under lower-branch excitation. The 

positions of Au-NTs are overlaid based on the identification from the 266 nm         

reference images. 
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distribution should be more spatially uniform. Conversely, under upper-branch 

excitation, the total PE signal becomes weaker, but the emission is preferentially 

localized on the Au-NTs, consistent with the simulated near-field maps. These results 

clearly indicate that the near-field coupling topology and energy localization pathways 

in the ATA system are strongly dependent on the excitation branch. Such branch-

dependent field distributions are expected to have a significant impact on the 

subsequent hot carrier generation and transfer dynamics, which will be discussed in the 

following sections.  

5.3.2 Dephasing time characterization 

To further elucidate the dephasing dynamics of ATA, the dephasing times of Au-

NDTms with various PoTs were experimentally characterized by PEEM. As a reference, 

measurements were first performed on isolated single Au-NDs and single Au-NTs. 

Because recording the dephasing profile of an individual nanostructure is technically 

challenging owing to the extremely weak signal, sparse arrays of Au-NDs and Au-NTs 

were fabricated with an interparticle spacing of 3 m—a distance much larger than the 

estimated coherence length. This large separation ensures that adjacent nanostructures 

reside well outside each other’s coherence area, thereby eliminating quantum 

Figure 5.4 (a) PE spectra of a single Au-ND and a single Au-NT placed on an FP nanocavity. 

(b) Dephasing time profiles of a single Au-ND (top) and a single Au-NT (bottom) The red solid 

lines show the experimental data, while the black dashed lines indicate the fitted results. 
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coherence-induced coupling (𝑔ଶ
ᇱ) and minimizing classical near-field coupling (𝑔ଶ). At 

the same time, this configuration allows reliable signal collection within a 30 m FOV 

during PEEM measurements. Under these conditions, each nanostructure behaves as an 

optically independent emitter, referred to hereafter as a “single Au-ND” or “single Au-

NT.”  

Due to the extremely low surface coverage, far-field absorption spectra could not be 

reliably acquired. Nevertheless, the PE spectra of both single Au-NDs and single Au-

NTs exhibited distinct energy splittings (Figure 5.4(a)), confirming that their LSPR 

modes remained coupled to the FP nanocavity (𝑔ଵ) under a certain level even in the 

isolated condition. The dephasing time profiles extracted from these measurements are 

shown in Figure 5.4(b), with the fitted dephasing times noted therein. It is evident that 

the single Au-NTs exhibited shorter dephasing times (=790nm: 8.5 ± 1.0 fs, =830nm: 7.5 

± 1.0 fs) compared to single Au-NDs (=790nm: 10 ± 1.0 fs, =830nm: 9.5 ± 1.5 fs), in 

excellent agreement with both the FDTD simulations and theoretical expectations. 

These results confirm that the sharper edges and anisotropic geometry of Au-NTs 

indeed lead to enhanced damping and thus faster dephasing. 

Subsequently, the dephasing time profiles for ATA structures with varying PoTs were 

obtained under both lower- and upper-branch excitations, as shown in Figure 5.5, and 

Figure 5.5 Dephasing time profiles of Au-NDTms with PoT of (a) 0%, (b) 6%, (c) 11%,     

(d) 25%, (e) 50%, and (f) 100%, respectively. 
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their extracted dephasing times are summarized in Figure 5.6. The results reveal that 

the dephasing times of ATA decrease concurrently for both branches when the PoT is 

below ~25%. Beyond this threshold, the dephasing times of the lower branch exhibit 

only slight variation, whereas those of the upper branch continue to decrease 

monotonically with increasing PoT. This trend can be rationalized by considering the 

anisotropic plasmonic coupling of Au-NTs. Compared with isotropic Au-NDs, Au-NTs 

support multiple spatially distinct plasmonic modes, each possessing different damping 

constants and radiative loss rates. As the PoT increases, these anisotropic interactions 

introduce mode mixing and spectral broadening, thereby accelerating the overall 

dephasing. Furthermore, the upper-branch excitation, being closer to the high-energy 

LSPR component, excites a larger number of spatial modes with stronger dispersion, 

resulting in a more pronounced reduction in dephasing time compared to the lower 

branch.  

Because quantum coherence arises from the phase correlation among the nanostructures 

within a coherence area, faster dephasing directly implies a shorter coherence length 

and consequently a smaller coherence area26. Therefore, the observed PoT-dependent 

shortening of dephasing times—particularly under upper-branch excitation—indicates 

that increasing PoT progressively reduces the effective coherence area within the Au-

NDTms array. This reduction limits the spatial extent over which delocalized energy 

Figure 5.6 Dephasing time of ATA as a function of its PoT. 
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can propagate coherently, thereby decreasing the likelihood that energy reaches the 

efficient hot-electron transfer sites within the coherence area. 

5.3.3 Quantum coherence-mediated mechanism for branch-dependent 

AQE 

Based on the near-field distributions and dephasing characteristics discussed above, a 

new mechanism is proposed to explain the branch-dependent asymmetric AQE in the 

ATA system from the perspective of quantum coherence. Previous studies have 

demonstrated that localized electromagnetic fields are significantly enhanced at sites 

with high curvature or low coordination, such as the tips of Au nanorods or 

nanotriangles, where hot-carrier generation via nonradiative damping27 becomes highly 

efficient. In our Au-NDTms system, it is therefore reasonable to regard the sharp tips 

of the Au-NTs as the most efficient hot-electron generation sites, followed by the 

rounded edges of the Au-NDs, while the flat, linear edges of the Au-NTs—lacking 

curvature—are the least efficient. On the other hand, the dephasing-time measurements 

revealed that single Au-NDs possess longer dephasing times than single Au-NTs, 

indicating that the Au-NDs exhibit higher optical quality factors (Q-factors)28. As a 

result, Au-NDs can be regarded as more effective optical antennas, capable of collecting 

and retaining incident energy for a longer period compared with Au-NTs. It is important 

to emphasize that the antenna efficiency does not necessarily correlate with optical 

absorption. While the optical antenna collects electromagnetic energy, this energy may 

subsequently dissipate via several decay channels, including radiative scattering and 

nonradiative processes such as Landau damping and electron-phonon relaxation. 

Among them, Landau damping is the dominant channel responsible for generating hot 

carriers, whereas optical absorption represents the integrated outcome of these 

nonradiative processes and thus reflects energy dissipation rather than energy 

retention29. Furthermore, under modal strong coupling, multiple nanostructures can 

acquire quantum coherence mediated by the FP nanocavity. The antenna effect is 

therefore extended beyond individual nanoparticles, spreading over the entire 

coherence area. When the dephasing time shortens with increasing PoT, the 
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corresponding coherence area contracts, implying a reduced spatial extent of energy 

sharing among neighboring nanostructures30,31. Consequently, although local near-field 

intensities may remain high, the overall efficiency of energy redistribution within the 

coherence area decreases. 

Integrating these findings, the complete mechanism can be described as follows. Under 

lower-branch excitation of the ATA, the LSPR energy tends to be delocalized across the 

coherence area through quantum coherence. When an Au-NT with a shorter dephasing 

time is included within this coherence area, its sharp tips act as “efficient fast-dephasing 

sites,” funneling the shared plasmonic energy toward regions of intense near-field 

localization. For Au-NDTms with PoT values between 0-11%, each coherence area 

statistically contains at most one Au-NT, and some may contain none. As PoT increases, 

the probability of including an Au-NT within a coherence area rises, expanding its 

influence on the overall region. Considering that the coherence area estimated in 

Chapter 3 is approximately 460-495 nm, a PoT of ~11% corresponds to roughly one 

Au-NT per coherence area. At this composition, the dephasing time shortens by only 

~16% relative to the PoT = 0% case, yet the AQE reaches its maximum because most 

of the delocalized energy converges to the Au-NT tips where hot-electron generation is 

most efficient. When the PoT exceeds 11%, multiple Au-NTs coexist within each 

coherence area. The LSPR energy, while still shared across the coherence area, 

preferentially converges to one of these Au-NTs, should lead to saturation in the AQE. 

However, because increasing PoT simultaneously decreases the number of Au-NDs that 

act as effective antennas, the system’s overall energy-harvesting capacity declines. This 

trade-off between the increasing number of efficient reaction sites (Au-NTs) and the 

decreasing number of effective antennas (Au-NDs) causes a gradual decline and 

eventual saturation of the AQE at a level above its initial value. 

In contrast, under upper-branch excitation, the LSPR energy preferentially localizes 

along the flat linear edges of Au-NTs, which are inefficient sites for hot-carrier 

generation even compared with the rounded edges of Au-NDs. Therefore, whether a 

coherence area includes fewer than one (PoT < 11%) or multiple (PoT > 11%) Au-NTs, 

their presence does not enhance the AQE. Instead, as PoT increases, these less efficient 
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Au-NTs progressively replace Au-NDs, leading to a monotonic decline in AQE. 

Moreover, the faster dephasing observed under upper-branch excitation results in a 

smaller coherence area, which further diminishes both the spatial extent of the antenna 

effect and the probability of including efficient sites. At high PoT (>75%), most 

coherence areas contain only one or fewer Au-NDs, and their scarcity leads to the loss 

of both active sites and collective antenna effects, producing a sharp decline in AQE. 

In summary, under lower-branch excitation in the modal strong coupling ATA, long-

dephasing Au-NDs act as energy-harvesting antennas with high Q-factors, while the 

delocalized plasmonic energy is funneled toward the sharp tips of the Au-NTs, where 

low-coordinated regions facilitate efficient hot-carrier generation through nonradiative 

damping (Figure 5.7). This complementary functional division—Au-NDs serving as 

energy collectors and Au-NTs as reaction centers—bears a striking resemblance to the 

antenna complexes and reaction centers in natural photosynthesis1,32-34. In contrast, 

under upper-branch excitation, the near-field distribution becomes concentrated along 

the less efficient linear edges of the Au-NTs, so the increase of PoT indicates the 

reduction of both collective antennas and efficient sites. The distinct distribution 

Figure 5.7 Schematic illustration of the quantum coherence-mediated hot electron     

transfer process. 
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patterns of near-fields between branches and nanostructures result in asymmetric, 

branch-dependent AQE behaviors that are unique in quantum coherence-mediated 

modal strong coupling ATA systems and are absent in conventional LSPR-based AT 

structures.  

5.4 Conclusions 

In conclusion, these investigations demonstrate that the AQE behavior in the modal 

strong coupling ATA system is delicately governed by the intricate interplay among 

near-field spatial distribution, quantum coherence, and dephasing dynamics. The 

combination of near-field mapping and dephasing analyses elucidates a coherent 

mechanism: Au-NDs, exhibiting relatively long dephasing times and high Q-factors, 

function as efficient energy-harvesting antennas that collect and retain plasmonic 

energy, whereas the sharp tips of the Au-NTs act as the principal sites for hot-electron 

generation.  

Under lower-branch excitation, the delocalized plasmonic energy is coherently shared 

within a coherence area. As the PoT increases, more Au-NT sharp tips are incorporated 

into this coherence area, allowing the collected energy to be funneled efficiently toward 

these active sites. However, the simultaneous reduction in the number of Au-NDs 

decreases the system’s overall light-harvesting capacity. The competition between these 

two effects leads to a characteristic evolution of the AQE: it first increases with PoT, 

reaches a maximum around PoT = 11%, and then gradually decreases, eventually 

saturating at a level still higher than the initial one. In contrast, under upper-branch 

excitation, the plasmonic energy is preferentially localized along the linear edges of 

Au-NTs, which are inefficient for hot-carrier generation even compared with the 

rounded edges of Au-NDs. Furthermore, the concurrent reduction in coherence area and 

the number of effective antennas progressively suppress both energy delocalization and 

hot-carrier generation, resulting in a monotonic decline in AQE with increasing PoT. 

Collectively, these findings provide deeper insight into how quantum coherence 

governs the energy redistribution pathways in heterogeneous plasmonic systems under 

modal strong coupling. Beyond serving as a collective optical phenomenon, quantum 
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coherence enables dissimilar nanostructures to assume complementary roles as energy 

collectors and reaction centers—an artificial analogue to the light-harvesting 

complexes and reaction centers in natural photosynthesis. This conceptual framework 

not only deepens the understanding of coherence-assisted photochemical processes but 

also establishes a new design principle for next-generation strong-coupling 

photoelectrodes. Such coherence-mediated architectures hold great promise for 

advancing the efficiency of artificial photosynthesis and other light-driven energy 

conversion systems. 
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Chapter 6 

Conclusions and future perspectives 

6.1 Conclusions 

In this thesis, modal strong coupling systems between localized surface plasmon 

resonance (LSPR) and Fabry-Pérot (FP) nanocavity modes were successfully 

established by integrating well-designed Au nanodisks (Au-NDs) or mixed Au ND-

nanotriangle (NT) (Au-NDTm) arrays on FP nanocavities. These hybrid structures—

referred to as ATAs—exhibited clear energy splitting in their absorption spectra, 

satisfying the criterion for strong coupling. Their absorption intensity and near-field 

intensity both displayed saturation with increasing particle number density (PND), and 

the photoemission mappings revealed a distinctive rim-bright and center-dark field 

distribution pattern that is absent in conventional LSPR Au-NDs/TiO2 (AT) structures. 

By systematically tuning the PND of the Au-NDs, the apparent quantum efficiency 

(AQE), which reflects the hot-electron injection efficiency evaluated by transient 

absorption spectroscopy (TAS), showed a positive correlation with PND. In contrast, 

the AQE of conventional LSPR AT structures remained nearly independent of PND. 

This enhancement of AQE, together with the observed spectral saturation and unique 

near-field pattern, provides compelling evidence for the involvement of quantum 

coherence in the modal strong coupling system. Within the coherence area supported 

by the FP nanocavity, individual Au-NDs can coherently interact and share LSPR 

energy. Such collective coupling enables energy harvested by one Au-ND to be 

funneled toward a spatially distinct, fast-damping site, facilitating efficient hot-electron 

generation even in nanostructures not directly excited by incident light. 

The coherence area was quantitatively estimated by correlating the square-root 

dependence between the energy splitting and PND with that of a single Au-ND. The 

coherence area was found to be a circular area with a diameter of approximately 460-

495 nm. Furthermore, the positive deviation of splitting energy from the ideal square-

root trend at higher PND values can be attributed to additional coupling among Au-
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NDs through FP nanocavity mediated by quantum coherence. These findings establish 

that the modal strong coupling in Au-ND ATAs is not merely a photonic phenomenon 

but also a manifestation of coherent plasmonic interactions extending across hundreds 

of nanometers. 

When fast-dephasing Au-NTs were intentionally incorporated into the Au-ND arrays to 

construct Au-NDTms, the hybrid ATA system retained the characteristics of strong 

coupling, showing pronounced spectral splitting. However, the spectral bandwidth 

broadened with increasing percentage of triangles (PoT), reflecting the faster dephasing 

dynamics introduced by Au-NTs. Most notably, the AQE of the ATA exhibited a 

branch-dependent and asymmetric dependence on PoT, whereas the conventional 

AT system remained nearly invariant with PoT. 

The lower-branch excitation produced nearly uniform near-field distributions across the 

structure, with intense localization at the sharp tips of Au-NTs—sites known for 

efficient hot-carrier generation through nonradiative damping. Conversely, under 

upper-branch excitation, the near-fields were preferentially confined along the linear 

edges of Au-NTs, which are inefficient for carrier generation. Dephasing analysis 

revealed that the coherence area shrank a bit with increasing PoT, and the reduction was 

more pronounced for the large PoT regime under upper-branch excitation. 

Consequently, under lower-branch excitation, long-dephasing Au-NDs acted as 

effective optical antennas that collected and retained energy, while the sharp Au-NT 

tips within the coherence area served as efficient reaction sites. The interplay between 

these two roles resulted in an AQE that increased with PoT, peaked at PoT = 11%, and 

then gradually decreased to a saturated value higher than the initial one. Under upper-

branch excitation, however, the AQE decreased monotonically with increasing PoT, 

owing to the replacement of efficient Au-ND antennas by inefficient Au-NTs and the 

concurrent reduction in coherence area and dephasing time. 

Overall, this thesis elucidates the underlying mechanism of modal strong coupling 

and quantum coherence in modal strong coupling systems. It establishes that the 

observed optical and photochemical responses arise from a coherent interplay between 

near-field spatial distributions, dephasing dynamics, and the extent of quantum 
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coherence. Furthermore, it highlights how heterogeneous nanostructures—through 

modal strong coupling—can assume complementary roles analogous to those found in 

natural photosynthetic complexes: Au-NDs act as energy-harvesting antennas, while 

Au-NTs serve as catalytic reaction sites. This coherent division of functionality presents 

a great applicability in photoelectrochemical (PEC) reactions. 

6.2 Future perspectives 

The present study has provided valuable insights into the mechanisms and 

manifestations of modal strong coupling and quantum coherence within plasmonic-

photonic hybrid systems. Nevertheless, as these concepts remain relatively new and 

complex, many fundamental questions are yet to be answered. So far, my research has 

primarily focused on the dependence of coupling and coherence behaviors on PND and 

dephasing dynamics, PoT. In the future, it will be essential to explore additional 

variables—such as the choice of plasmonic materials (e.g., Ag, Al, or Cu), the refractive 

index of surrounding dielectrics, cavity geometry, and even temperature or external 

field modulation—to further clarify the underlying physical mechanisms. These efforts 

will contribute to a more complete understanding of how modal strong coupling 

strength and coherence area can be precisely tuned. 

In terms of quantitative analysis, the coherence area discussed in this work has so far 

been inferred from theoretical correlations and spectral trends, without direct 

experimental visualization. Future research should therefore aim to experimentally 

validate and map coherence areas. Such studies could reveal the spatial and temporal 

evolution of coherence in real time and help identify the key parameters—such as local 

field enhancement, cavity Q-factor, or plasmon dephasing dynamic—that determine the 

extent of coherent interactions. 

From an application perspective, the established modal strong coupling structures hold 

great promise as efficient photoelectrodes capable of harvesting visible and near-

infrared light. A deeper understanding of the underlying quantum coherence 

mechanisms will enable the rational design of coherence-assisted photocatalytic 

platforms. With the advancement of nanofabrication, ultrafast spectroscopy, and surface 
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chemistry, it is foreseeable that future systems could achieve orders-of-magnitude 

improvement in light-to-charge conversion efficiency. Ultimately, such progress may 

pave the way toward the realization of high-efficiency, scalable artificial photosynthetic 

systems, offering a sustainable pathway for converting solar energy into chemical fuels 

and contributing to the broader utilization of renewable energy. 
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